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THE HEAT OF OXYGENATION OF HEMOGLOBIN 


By JEFFRIES WYMAN, Jr. 


(From the Biological Laboratories, Harvard University, Cambridge) 
(Received for publication, November 17, 1938) 


Measurements of the heat of the reaction of hemoglobin with 
oxygen have been carried out by a number of investigators. The 
most comprehensive work appears to be that of Roughton and 
his collaborators (1, 2) who have studied the problem both by a 
direct calorimetric method and by application of the van’t Hoff 
equation to observations on the effect of temperature on the dis- 
sociation pressure of oxyhemoglobin. Their measurements were 
carried out at pH 6.8 and 9.5. At both pH values the heats 
obtained by the two methods agree to within the errors of the 
experiments. The directly measured heat of reaction of 1 mole 
of oxygen with a large amount of hemoglobin is found to be in- 
dependent of the percentage saturation of the hemoglobin with 
oxygen. This accords with the fact that the oxygen dissociation 
curves obtained at a given pH but at different temperatures may 
all be made to coincide by proper choice of the scale of oxygen 
pressure for each. The heat liberated per mole of oxygen at 
pH 6.8 is 9350 calories; that at pH 9.5 about 13,000 calories. 
The difference is attributed to the heat of the dissociation of hy- 
drogen ion which accompanies oxygenation at pH 6.8 but not at 
9.5. The same results were obtained with solutions of purified 
hemoglobin as with whole blood and laked blood. 

In the present paper we shall deal also with the problem of the 
heat of oxygenation of hemoglobin, but from a somewhat more 
general point of view and on the basis of additional data. We 
shall consider in particular how this heat varies with pH over the 
entire range from pH ~ 3 to pH ~ 11. From this we shall be 
led to questions involving the nature and number of the groups 
whose acid strength is affected by oxygenation. Finally we shall 
deal with free energy of oxygenation in its relation to pH. The 
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study will be confined to solutions of crystallized hemoglobin of 
the horse. 

It is known from determinations of molecular weight that 
each molecule of hemoglobin is capable of combining in all with 
4 molecules of oxygen. It follows from this that the most gen- 
eral expression for y, the percentage saturation of hemoglobin 
with oxygen, in terms of p, the partial pressure of the oxygen, 
is that given by Adair (3) in terms of four equilibrium con- 
stants L. 


y a“ ly Pp + 2L,* p + 3L; Pp + 4L¢ p* 


(1) ——> a 
100 4(1 + Lip + Lap? + Lp? + Lp) 


In general, at any given partial pressure of oxygen, the hemo- 
globin will be present in five different forms distinguished by the 
number (0, 1, 2, 3, 4) of molecules of oxygen combined with each 
molecule of hemoglobin. If we refer to these by Hb, HbO, ... 
Hb(O2),, we may say that L;, L,*, L;*, L refer to the equilibria 
between Hb and HbO, ... Hb(Qs2), respectively. Actually it is 
possible to fit the experimental results very exactly by Equation 1 
(4). Since each L is then found to be different from zero it 
follows that all five forms of hemoglobin are in fact present. Each 
L is made up of the individual constants describing the equilibria 
of the four distinct oxygen-combining groups of the hemoglobin 
molecule, but this does not affect the generality of Equation 1 
which holds whether or not the different groups have different 
constants and whether or not the constant of each group is af- 
fected by oxygenation of the other groups. It is known from 
experiment that, for a given value of p, y varies with pH as well 
as with temperature. This means that there is an interaction 
between some at least of the groups which dissociate hydrogen 
ions and those which combine with oxygen, and shows that we 
must regard each L as a function of pH as well as of the tempera- 
ture. 

There is a particular feature of the effect of temperature and of 
pH on the oxygen dissociation curves which leads to a very simple 
relation between p and the L’s and is of the first importance for 
our problem. It is shown by the work of Ferry and Green (5) 
and by that of Roughton and his collaborators (2) that the oxy- 
gen dissociation curves obtained at a given temperature but at 
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different pH values, or at a given pH but different temperatures, 


may all be made to coincide if in each case the values of p are 
multiplied by a suitably chosen constant. It follows from this 


that 
(‘ In ) = i. (° In ‘s) + (‘ In 1 ’) 
8T Jpn oT /pu aT pH, » 
ain Ly ain Ly 8\ln1/p 
(3) . n re n ‘ Lan I 
a@pH /r apH /r apH J/r.y 


A formal proof of these almost self-evident relations is the 
following. Equation 1 shows that y is a zero order homogeneous 


function of Ly, Ll, and 1/p. Consequently 
Oy Oy oy 
(4) s eee - — ~- a= () 
éin Ly @ilnL, @ln1/p 


Consider now the effect of changing the temperature by a factor 
a from T to aT’ while pH is kept constant. Then we know that 
y remains unchanged if at the same time we multiply all the values 
of p by a factor 8 which depends only on T and a@ but not on 
p (or y). Thus 

(5) YW(T, p) = y(aT, Bp) 

By differentiating y with respect to a and then letting a = 1, 
we obtain 


Oy oy 0B 
6 Ti — — = () 
~ (32), 7 (4) (32) 


(08/da)a., depends only on the temperature and may be written 
as Tf(T). Equation 6 may then also be written in the form 


Oy ain Ly Oy 8 in Ly 
7 ! = ! 
( ) (; In z.),( aT ) t t (, In ;.),( aT ) tT 


r)( —4Y— \ =o 
‘ ain 1/p J 


Combination of this with Equation 4 gives 


dy ain Ly ay . ain Ly 
8 f(T) - ee ; f(T = 
®) (; In ale (7) aT ) tr t (; In al al oT ) ’ 
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Since this equation holds for all values of p and 7, while the ex- 
pressions in parentheses depend only on 7’, and since, as may be 
seen from Equation 1, each of the quantities dy/d In Ly, 
dy/d In Ly, is a function of p of higher degree than the preceding, 
it follows that each of the expressions in parentheses must vanish 
and therefore that 
ain, d@lnk, 

- = = = **-* = , T 
(8-a) aT aT f(T) 
At the same time it follows from Equation 6 and the definition 
of f(T) that 


_ fo dinp\ _ 9 In p 
oan =-(3) (BP), -(t) 


Consequently we have what we set out to prove; namely, Equa- 
tion 2. Exactly the same procedure, in which pH is substituted 
for 7’, leads to Equation 3. 

Let us now introduce the symbols Q;, Qe, Qs, Qs to refer to the 
amounts of heat absorbed due to the combination of 1, 2, 3, and 
4 moles of oxygen respectively with 1 mole of hemoglobin at 
constant temperature and pH. Then, since by the van’t Hoff 
equation 
8 In L,* 


= a In L, } 
e * 


aT 


(10) Q: = RT Qs = RT? ete. 


it follows from Equation 2, if we change from natural to Briggsian 
logarithms, that 


8 log 1/p Q 
11 =— =— = — = 2.303 RT” ——a = 
(11) Q: 4 ( aT a r 


This means that the heat absorbed is the same for each stage of 
the process involving the combination of 1 mole of hemoglobin 
with 4 moles of oxygen and equal to one-quarter of the total 
heat Q absorbed in the whole process. 

Let us next introduce the symbols B,, B,, ... B, to denote the 
number of equivalents of base bound at any given temperature 
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and pH per mole of Hb, HbO,, ... Hb(O,), respectively. We 
have shown in a previous paper (6) that 


a. LR beat 


= » ete. 


al L 
~ i = B, -— B,, 


2) 8 pH “ 8 pH 2 


Consequently it follows from Equation 3 that 


(13) Oe iii dss os By — B, _ (‘ log ve) + AB 
4 apH /y 4 

This shows that the shift in base bound per mole of hemoglobin 
produced by combination with each successive mole of oxygen 
is the same and equal to one-quarter of the total shift AB pro- 
duced by complete oxygenation. 

We are now in a position to write a general expression for the 
variation of the heat of oxygenation with pH. Since 


a 8 log 1/p 8 (2 log 1/p 
8 pH aT aT \ @pH 


it follows from Equations 11 and 13 that 


(14) oC = 2.303 er (o) 
a pH aT / px 

We shall make use of this equation, togethe: with experiments to 
be described presently, in order to determine the variation in the 
heat of oxygenation from pH ~ 4 to ~11, and in particular to 
answer the question whether this variation can be accounted for 
by the heat of hydrogen ion dissociation which is known to be 
coupled with oxygenation within this range. For this purpose, 
however, we shall employ Equation 14 in an integral form. Let 
Q. be the heat of oxygenation at some strongly acid pH = pH,, 
where the acid dissociation of the protein is unaffected by oxy- 
genation and AB = 0, and Q, the heat at some other pH = pH, 
where AB = AB,, then 


"pHs /3aB 
(15) Q. — Q = 2.303 RT? ( — dpH 
pH. a7 pH 
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If we make use of the identity 


(*) (#3) (72) 
aT Jou @pH/r\ aT Jap 


and integrate by parts, we obtain 


Q. ‘e Q. r- 
AB, 


~2.303 er (° ) i [Ps * (22) io | 
8T Jap AB, pH. @pH\ aT /ap 

In order to determine the effect of temperature on AB, titra- 
tion curves of oxygenated and reduced hemoglobin of the horse 
have been made at three temperatures: 7°, 25°, and 38°. Crystal- 
line protein was prepared from red blood cells kindly furnished by 
the Massachusetts Antitoxin and Vaccine Laboratory by the 
same procedure as in earlier studies (6, 7). This was dissolved 
in 0.3 m NaCl to give the stock solutions used for the titrations. 
These solutions were always kept in the cold and aliquots were 
withdrawn for titration as the experiments proceeded. The total 
concentration of protein in each solution was determined by nitro- 
gen analysis. It varied between 74 and 101 gm. per liter. The 
percentage of inactive hemoglobin was determined at the end 
of each experiment on the basis of a determination of oxygen 
capacity with a Van Slyke apparatus, as in earlier studies (6, 7). 
In one experiment this amounted to 10 per cent.' In all the 
other experiments it was 2 per cent or less. No attempt was 
made to allow for it in calculating the amount of base bound by 
oxyhemoglobin, since the corrections involved are less than the 
experimental error. 

Titrated aliquots of solution were divided into two parts, one 
of which was reduced, the other oxygenated, before injection into 
the electrode, in accordance with a procedure already described 
(6,7). During titration enough water was always added to each 
aliquot in addition to acid or base so that the total dilution was 
always the same. This involved an increase of volume to 132 
per cent of the initial volume. The pH was measured with a 
glass electrode. The details of the measurements, including the 


(16) 


1 The experiment at 7°, represented by squares in Fig. 1. 
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temperature control and the calibration of the electrode with 
standard buffers, were the same as in an earlier study (7). 
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-20) _ a ‘ $—_ #4 : > ©) 
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a 
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| s 
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Fic. 1. Titration curves of oxygenated and reduced hemoglobin at 
different temperatures. The ordinates represent equivalents of base per 
mole (66,800 gm.) of hemoglobin. For 25° the squares represent reduced 
hemoglobin, the circles oxygenated hemoglobin. For 7° and 38° all points 
plotted are for reduced hemoglobin, and different symbols correspond to 
different experiments. 


The results of seven experiments are shown in Fig. 1. The 
quantity which is directly measured in these experiments is pH 
and the significant feature of the results is the difference in pH 
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of a given titrated aliquot in the reduced and oxygenated condi- 
tions. In combining the results of different experiments at the 
same temperature a complication arises due to the fact that there 
are nearly always minor differences of shape in the titration 
curves, whether of oxygenated or reduced hemoglobin, obtained 
with different preparations. For this reason, in the case of the 
measurements at 7° and at 38°, which involve different stock 
solutions and preparations, we have constructed a composite 
titration curve for oxyhemoglobin at each of the two tempera- 
tures by drawing in free-hand a curve based on all the observa- 
tions on oxyhemoglobin at that temperature. In Fig. 1 there- 
fore no points are shown for oxyhemoglobin at 7° and 38°. The 
only points which are plotted are for reduced hemoglobin. They 
are located with reference to the composite curve for oxyhemo- 
globin at each temperature from the observed difference of pH 
of the oxygenated and reduced forms. The ordinate of each is 
of course fixed by the amount of acid or base present. This pro- 
cedure serves to bring together the different sets of measurements 
at each temperature in a satisfactory way and introduces no ap- 
preciable error. The pH shift produced by oxygenation is the 
only significant factor in the determination of AB, for small differ- 
ences in the shape of the titration curve of oxyhemoglobin have 
no appreciable effect. The results given for 38° do not extend 
below pH 5.5, since at this temperature hemoglobin undergoes an 
irreversible change very rapidly at acid reactions, which renders 
the data unreliable. The procedure of constructing a composite 
curve was unnecessary for the data at 25° which were obtained 
from a single experiment. Only one experiment was made at 
25°, because of the extensive earlier work at this temperature. 
In Fig. 1 the smooth curves for 25° are drawn to give the values 
of AB obtained in the earlier work (6), and show that the pres- 
ent results are in good agreement with it. 

Careful measurement of these results shows that the only effect 
of changing the temperature is to displace by a constant amount 
the pH values at which given values of AB occur. The smooth 
curves for reduced hemoglobin at 7° and 38° are drawn so that the 
displacement amounts to +0.30 pH unit for the change from 25° 
to 7° and to —0.20 unit for the change from 25° to 38°, on the 
basis of the data for AB as a function of pH at 25° given by earlier 
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work. The AB-pH curves used for this purpose are shown in the 
inset in Fig. 1. 

If we revert now to Equation 16, we see, on the basis of these 
results, that of the two expressions in brackets the first is constant 
and equal to —0.016 and the second is, therefore, equal to zero 
Consequently, at 25°, 

Qs — Q 


= 6500 calories 
AB, 


This value is subject to an uncertainty of at least 10 per cent. 
The fact that Q, — Q, is strictly proportional to AB, shows that 
the variation in the heat of oxygenation with pH can be accounted 
for entirely on the basis of the heat of the dissociation of hydrogen 


ion with which oxygenation is coupled. Whenever AB, = 0, 
as at strongly basic reactions and at the pH at which the titration 
curves of oxygenated and reduced hemoglobin cross, Q, = Q,. 


The figure 6500 gives the heat of dissociation of the base-binding 
groups which interact with the oxygen-combining centers of the 
protein molecule. In a previous paper we have studied the ap- 
parent heat of dissociation of hydrogen ion by oxyhemoglobin at 
25° between pH 4 and 10. In the middle part of the range this 
is found to be 6200 calories per equivalent, which is the value 
characteristic of the imidazole group of histidine. We have 
interpreted this to mean that the middle portion of the titration 
curve of oxyhemoglobin is due to the imidazole groups of the 
thirty-three histidine residues which are known to occur in each 
molecule of hemoglobin. On the basis of a more detailed analysis 
we have concluded that in oxyhemoglobin the pK of the weakest 
imidazole group is certainly less than 7.5 and that of the strongest 
in the neighborhood of 6. These conclusions accord well with 
the results of the present study. The figures 6500 and 6200 
agree better than might be expected from the experimental 
errors. This is strong evidence that the base-binding groups 
which interact with the oxygen-combining groups are all imidazole 
groups of histidine. This conclusion may be somewhat unex- 
pected in view of the fact that some of these groups are rendered 
more acid, others more basic, by oxygenation, a fact which fol- 
lows from the crossing of the titration curves of oxygenated and 
reduced protein. 
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The hemoglobin molecule is known to contain four hemes and 
it is generally believed that these are the four oxygen-combining 
groups. This of itself suggests a certain degree of symmetry of 
the hemoglobin molecule, as if it consisted of four quadrants, 
one for each heme. This suggestion receives support from two 
facts which have been dealt with above; namely, that the heat 
absorbed is the same for each stage in the process involving the 
combination of 1 mole of hemoglobin with 4 moles of oxygen, 
and that the shift in the amount of base bound by the protein 
caused by each stage of the process is also the same. At least 
these facts lead us to believe that each of the oxygen-combining 
groups is related in the same way to a certain number of histidine 
units with which there is an interaction. If so, there must be at 
least two such units for each heme, one of which is rendered 
more acid, the other more basic, by oxygenation. 

Let us now assume that there are in fact just two histidine 
units which interact with each heme, and that the behavior of 
each heme and its associated histidines is identical with that of 
the others. Then it should be possible to fit the AB-pH data 
satisfactorily by a suitable choice of four apparent dissociation 
constants k’, one for each histidine when the associated heme is 
in the reduced condition, one for each histidine when the asso- 
ciated heme is in the oxygenated condition. If the data were 
perfect they should of course determine these four k’ values 
uniquely. The basis for determining the values of k’ from the 
observed values of AB is the following. The shift in base bound 
by a weak acid at any given hydrogen ion activity H in conse- 
quence of a shift of its apparent dissociation constant from k’, 
to k’, is given by 

z(z* — 1) 
~ (1 + 2z)(x + 2) 


in which z = +/k’,k’,/H and z = V/k’2,/V/k’;. The maximum 
value of AB is 


(17) AB 


aol 


18 B = 
(18) 4Bmax. = 5 


and occurs at pH = (pk’, + pk’,)/2. The shift in the total 
amount of base bound by a complex molecule containing a num- 





i 





—_. 








— ae ae ee lh Ck 














J. Wyman, Jr. 591 


ber of acid radicals is the algebraic sum of the shifts in the 
amounts of base bound by each. On this basis we have deter- 
mined values of k’ for the two histidines assumed to interact with 
each heme which account for the AB-pH data for 25° in a very 
satisfactory way. The smooth curve of Fig. 2 is constructed 
for the case in which the pk’ of one histidine is changed from 
7.81 to 6.80, that of the other from 5.25 to 5.75, as a result of 
oxygenation of the associated heme. The circles give the experi- 
mental data taken from an earlierstudy (6). Over most of the range 
the agreement is good. The discrepancy at the extreme alkaline 
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Fic, 2. Difference in the number of equivalents of base bound per mole 
by oxygenated and reduced hemoglobin as a function of pH. The smooth 
curve is calculated on the basis of assumptions discussed in the text. 


end of the curve might be attributed to the difficulty of completely 
reducing hemoglobin in this region; that at the other end to the 
rapidity with which hemoglobin undergoes a reversible change 
involving loss of oxygen-combining power at strongly acid reac- 
tions. It is found that altering the value of pk’, — pk’; for either 
histidine unit by as much as 10 per cent very noticeably impairs 
the fit of the curves, as does altering the mean pk’ value of either 
group by 0.1 to 0.2 unit. Were we to choose different pk’ values 
for the histidines associated with different hemes, the effect would 
be to broaden the curve and decrease the fit. On the other hand, 
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very little improvement could be effected by assuming that more 
than two histidines interact with each heme, although if the num- 
ber were made sufficiently large some compression of the curves 
without loss of amplitude could be achieved. On the whole, 
therefore, it appears that our assumption is justified and that 
just two histidine groups interact with each heme in accordance 
with the pk’ values given above. The elements of the picture 
then fit together in a very satisfactory way, and a variety of facts 
involving the heats of oxygenation and the amount of base bound 
all find a common explanation in the view that the hemoglobin 
molecule is composed of four identical histidine-heme complexes. 
In particular it may be pointed out that the pk’ values ascribable 
to the two histidine groups in the oxygenated complex conform 
to the limits predicted from the effect of temperature on the titra- 
tion curve of oxyhemoglobin. 

We have purposely analyzed the situation on the most general 
basis. The result at which we have arrived, however, accords 
closely with the model recently proposed by Pauling (4) on the 
basis of which he has been able to account for the oxygen disso- 
ciation curves of hemoglobin very exactly. In this model, to be 
sure, histidine finds no place, but it is assumed that the four 
hemes are located at the corners of a square and that they are all 
identical in respect to their oxygen affinity except in so far as the 
equilibrium constant of each is affected by the oxygenation of the 
adjacent hemes. It is of interest to compare the free energy of 
interaction of two adjacent hemes as given by this model with the 
free energies of interaction of each heme with the two associated 
histidine units. The value for the heme-heme interaction is 
1470 calories; the values for the heme-histidine interactions, cal- 
culated from the pk’ values given above, are 680 and 1380 calories. 
They are of the same general magnitude. Our results as they re- 
late to the interaction of each heme with two histidine groups 
also accord with Conant’s (8) picture of the hemoglobin molecule, 
although of course they do not of themselves imply anything so 
specific. In this picture it is assumed that the ferrous iron of 
each heme is coordinated with the 4 nitrogen atoms of the 
porphyrin ring in one plane and with one group of the globin 
part of the molecule above, and one below, this plane. When 
the heme is oxygenated, it is supposed that one of the two globin 
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groups is displaced from the iron by a molecule of oxygen, al- 
though the group still remains attached to the hemoglobin mole- 
cule through the globin. Provided therefore we identify these 
two globin groups with two histidines, we have a physical pic- 
ture which would account satisfactorily for our own conclusions. 
The dissociation of the imidazole groups of both histidines would 
certainly be affected by the introduction of oxygen into the heme. 
It is known that the dissociation constant of the imidazole group 
is very sensitive to substituents and may be either increased or 
decreased, depending on the nature of the substituent. Thus 
Kirby and Neuberger (9) have shown that the acidity constant 
of glyoxaline is raised from 6.95 to 7.86 by the introduction of 
a methyl group in the 2 position and still further to 8.36 by an 
additional methyl group in the 4 position. On the other hand 
the introduction of a phenyl group in the 4 (or 5) position lowers 
the constant to 6.00, which is about the value observed in his- 
tidine. Of the two constants which we have ascribed to the 
histidines in reduced (deoxygenated) hemoglobin, one (pk’ = 
5.25) is much lower, the other (pk’ = 7.81) much higher, than that 
of free histidine. This is perhaps not surprising if we suppose 
that the two histidines are situated on opposite sides of the plane 
of the porphyrin ring. When oxygenation occurs, the two values 
are shifted in opposite directions, each towards the value charac- 
teristic of free histidine. It may be remarked that as compared 
with the interaction of the hemes and the histidines, the interac- 
tion of the different hemes, as required by Pauling’s model, 
presents a more difficult problem in relation to the spatial arrange- 
ment of these large groups. 

Let us return now to the problem of the heat oxygenation. 
We have seen that this heat changes over the pH range in accord- 
ance with the product AB X 6500 calories. Probably the best 
values of AB are those calculated from the four pk’ values given 
above, and it is these values which we have employed in caleu- 
lating Q. — Q.. From the results so obtained we may at once 
reckon the actual heat of oxygenation over the whole pH range 
from a knowledge of its value at any one pH. Of Roughton’s 
two directly determined values for the heat absorbed by combina- 
tion of hemoglobin with 1 mole of oxygen, that of —9350 calories 
for pH 6.8 is the more reliable. It appears to be subject to an 
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uncertainty of no more than a few per cent. We have used 4 
times this value as a fixed point for locating Curve 1 in Fig. 3, 
which gives the heat absorbed due to the combination of 1 mole 
of hemoglobin with 4 moles of oxygen over the range from pH 3 
to 11. This leads to a value of —46,800 calories for Q,, the heat 
of the reaction as it occurs without an accompanying change in 
the amount of base bound. One-fourth of this quantity, or 11,700 


AF 
6 








6 10 DH 


Fic. 3. Curve 1, heat absorbed owing to the reaction of 1 mole of hemo- 
globin with 4 moles of gaseous oxygen; Curve 2, heat absorbed owing to the 
reaction of 1 mole of hemoglobin with 4 moles of oxygen in solution; Curve 
3, increase of free energy accompanying the reaction of 1 mole of hemo- 
globin with 4 moles of oxygen at a partial pressure of 1 mm. of Hg. The 
ordinates express kilocalories. 


calories, is to be compared with Roughton’s figures for pH 9.5 
where there is no appreciable shift in base bound due to oxygena- 
tion. Roughton gives results for two hemoglobin preparations. 
For the first the directly measured heat at 19° was 12,400 calories 
and the calculated heat 12,450 + 1200 calories; for the second 
the corresponding values are 14,250 and 14,100 + 1000 calories. 
At this alkaline reaction measurements are more difficult and 
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much less accurate than at pH 6.8, and Roughton’s results do 
not appear to be at serious variance with our calculations. 
Roughton’s measurements were made on ox hemoglobin, 
ours on hemoglobin of the horse. It might be objected that it 
is unjustifiable to combine results on the two kinds of hemoglobin, 
as we have done in using Roughton’s value for the heat at pH 
6.8. In view of such a possible objection Dr. D. B. Dill of the 
Harvard Fatigue Laboratory was good enough to determine for 
us oxygen dissociation curves of one of our own preparations of 
horse hemoglobin at different temperatures. The crystallized 
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Fic. 4. Oxygen dissociation curves of horse hemoglobin obtained by 
Dill at different temperatures: O, 20°; @, 40°; ©, 0.5°. The smooth curve 
corresponds to Pauling’s model. y represents percentage saturation of 
hemoglobin with oxygen. 


protein was dissolved in a phosphate buffer of ionic strength 0.5 
and pH 7.05 at 25° to give a solution containing 49.6 gm. of 
hemoglobin per liter. Oxygen dissociation curves were deter- 
mined at 0.5°, 20°, and 40°. The percentages of total hemo- 
globin in the active form in the solutions studied at these three 
temperatures were 98, 96.5, and 85.5 respectively. The results of 
the measurements are shown in Fig. 4, in which the data for the 
three temperatures have been brought together by adding 0.615 


* Total phosphate = 0.212 mole per liter; mole fraction Na,HPO, = 
0.680. See Green (10). 
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to the values of log p at 0.5° and subtracting 0.425 from the 
values at 40°. The smooth curve corresponds to Pauling’s 
model (4). On the basis of Equation 2 these figures give for the 
heat absorbed due to the reaction of 1 mole of oxygen with 1 
mole of hemoglobin at the mean temperatures 10° and 30° the 
values 11,500 and 9100 calories respectively. The average value 
for 20° may be taken as 10,300, with an uncertainty of about 
1000 calories. Unfortunately, no measurements were made of 
the pH of the solutions, but since they were made by dissolving 
approximately isoelectric protein (pH 6.81 for reduced hemoglo- 
bin) the pH must have been somewhat acid to that of the buffer 
7.05) and not far from that at which Roughton’s value of 9350 
was obtained. At pH 6.9 the change in the heat corresponding 
to a change in pH of 0.1 unit amounts to about 550 calories. 
These results are therefore in agreement with the more extensive 
studies of Roughton on ox hemoglobin.’ 

In Equation 1 the activity of the oxygen is taken as equal to 
the partial pressure of oxygen in the gas phase. The standard 
state is therefore that of unit partial pressure, and the heats that 
we have calculated are for the reaction of hemoglobin in solution 
with oxygen at unit partial pressure in the gas phase. These 
heats therefore include the heat of solution of oxygen in the 
liquid phase, which has nothing to do with the combination of 
oxygen with hemoglobin. It is of interest to consider how much 
of the calculated heat, e.g. 9350 calories at pH 6.8, is due to this 
heat of solution of oxygen. The heat of solution of oxygen in 
pure water may be calculated from the data on the solubility of 
oxygen in water as a function of temperature. On the basis of the 
data given in the handbooks we obtain the following values for the 
heat absorbed (in calories) due to the solution of 1 mole of oxygen: 
at 10°, —3620; at 20°, —3200; at 30°, —2940. These figures are 


In calculating the heat of oxygenation by the van’t Hoff equation 
Roughton has for some reason reduced the dissociation pressures observed 
at different temperatures to 0° (273° absolute). The correct value of the 
heat is obtained by using the actual pressures observed at each tempera- 
ture, since the standard state for the oxygen gas must be defined by the 
same hydrostatic pressure at each temperature. Actually the effect of 
Roughton’s procedure does not appear to make a significant difference in 
the value for the heat at 25°. Values calculated directly from Roughton’s 
scale factors ((2), p. 2121) are 0-10°, 8680; 10-20°, 9600; 20-30°, 10,900; 
30-40°, 8900; average 9500. 
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obtained by taking the activity of oxygen in solution as proportional 
to its molality; in other words by treating the solutions as ideal 
solutions. In so far as this is true the values should be inde- 
pendent both of the pressure of the saturating gas and the con- 
centration of the oxygen in solution. They show that of the 
9350 calories about 3000, or approximately one-third, are due 
simply to the heat of solution of oxygen at 25°. Curve 2 of Fig. 3 
is for the heat of reaction of hemoglobin with oxygen in solution, 
obtained by taking account of this effect. 

In contrast to this the free energy of the reaction is of course 
independent of whether the oxygen is in solution or in the gaseous 
phase at the corresponding partial pressure. Let us consider the 
free energy change in detail. If we denote by AF the increase of 
free energy accompanying the combination of 1 mole of hemo- 
globin with 4 moles of oxygen when the reactants are in their 
standard states, then 


(19) SF = —RT In LS 


Equations 3 and 13 therefore make it possible, from a knowledge 
of AB in relation to pH, to reckon the change of AF with pH, 
just as we have reckoned the change in the heat of the reaction 
with pH. If AF; and AF, be the values of AF at pH, and pH, 
respectively, then 


(20) AF, = AF, = RT (In L*) pH: + RT? (In L.) px, 


pH; 
= —2.303 er | AB dpH 
pHi 
If, as in reckoning the heat of the reaction, we use the values of 
AB given by the apparent dissociation constants discussed above, 
this equation may be integrated directly to give, for 25° 


H+k,H +k’, 
H+k, H+k’; 


calories 





(21) AF, — AF; = —4 X 1365 log 


in which the four k’s are given by pk’; = 7.81, pk’, = 6.80, pk’; = 
5.25, and pk’, = 5.75. From a knowledge of AF at any one pH, 
we may reckon it for the whole pH range. Pauling has shown 
that all the data of Ferry and Green at 25° when reduced to pH 
8.30 may be accurately fitted by a choice of constants which 
leads to a value of AF = +2200 calories for this pH. Curve 3 
in Fig. 3 is plotted from Equation 21 on the basis of this value. 
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The value 2200 is for the reaction when the oxygen is in the stand- 
ard state; i.e., at a partial pressure of 1 mm. For any other 
pressure p mm. AF will be (2200 — 5450 log p) calories. It 
follows from Equation 3 that the change with pH in the free 
energy of each stage of the oxygenation process is the same and 
equal to } @AF/d pH, although, as Pauling shows, the free 
energy itself is different for each stage of the process, owing to the 
interaction of the hemes. 


SUMMARY 


The variation in the heat of oxygenation of hemoglobin with 
pH has been studied from pH 3 to 11. The results can be ac- 
counted for on the basis of the dissociation of hydrogen ion which 
accompanies oxygenation if we assume a heat of dissociation of 
6500 calories per equivalent. This is the heat of dissociation 
characteristic of the imidazole group of histidine, and indicates 
that it is groups of this kind which dissociate as a result of oxy- 
genation of the hemoglobin molecule. From these results and 
Roughton’s value for the heat of oxygenation at pH 6.8 we have 
calculated the heat of oxygenation of hemoglobin over the whole 
pH range from 3 to 11. It is pointed out that the heat is the 
same for each stage of the oxygenation process, as is the shift in 
the amount of base bound at constant pH. A further analysis 
based on the shift in the amount of base bound at 25° indicates 
that each molecule of hemoglobin contains four identical heme- 
histidine complexes, in which two histidine units interact with 
each heme, the energy of interaction amounting to 680 calories 
for one and to 1380 calories for the other. These conclusions 
accord with inferences based on the effect of temperature on the 
dissociation curves of oxyhemoglobin, and they also agree with a 
model recently proposed by Pauling. Finally on the basis of the 
shift in base bound as a function of pH we have calculated the 
free energy of oxygenation from pH 3 to 11. 
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APPLICATIONS OF DIPHENYLAMINE IN THE DETER- 
MINATION OF LEVULOSE IN BIOLOGICAL MEDIA 


I, THE DETERMINATION OF INULIN 


II. THE DETERMINATION OF LEVULOSE IN SMALL AMOUNTS 
OF BLOOD 


By A. C. CORCORAN anv IRVINE H. PAGE 


(From the Lilly Laboratory for Clinical Research, Indianapolis 
City Hospital, Indianapolis) 


(Received for publication, November 14, 1938) 


The Determination of Inulin 


The formation of a blue compound of diphenylamine and 
levulose in the presence of concentrated HCl was applied semi- 
quantitatively to urine by Jolles (1) and quantitatively to blood 
filtrates by van Creveld (2), whose method for blood levulose has 
since been variously modified (3-7). In the van Creveld method 
and its modifications, the reaction was carried out in an aqueous 
medium and the water-insoluble blue product extracted into an 
organic solvent for color comparison. This disadvantage was 
removed by Herbert (8) by the addition of sufficient alcohol to 
keep both diphenylamine and colored product in solution during 
and after the reaction. The method here described is an applica- 
tion of Herbert’s method to the determination of inulin, the 
final determination being made in the single cell, compensating 
photoelectric colorimeter described by Evelyn (9). Glucose and 
levulose present in the material tested are removed by fermenta- 
tion with yeast. The inulin is hydrolyzed by the strong acid in 
which the reaction occurs. 

Reagents 

1. Precipitating media (10). (a) 1.25 per cent ZnSO,-7H,0O, 
in 0.03125 n H,SO,; (6) 0.75 n NaOH. 

Although these concentrations of reagents are those recom- 
mended by Somogyi (10) for whole blood rather than plasma, 


601 














602 Determination of Levulose 


they have been found quite satisfactory and are employed because 
of their general use in this laboratory. The weaker reagents 
recommended for plasma may be substituted without affecting 
this method. 

2. Stock diphenylamine solution. 20 per cent diphenylamine 
in alcohol. 

The stock solution is kept in a cool place in a dark bottle. 
Diphenylamine which precipitates out at ice box temperatures 
is easily redissolved as the solution is brought to room temperature. 
The diphenylamine used was obtained from the Eastman Kodak 
Company. 

3. Acid alcohol-diphenylamine reagent. 95 per cent ethyl 
alcohol, 70 parts; concentrated HCl, 50 parts; stock 20 per cent 
diphenylamine solution, 6 parts. 

This solution is also kept in a cool place in dark bottles. Al- 
though it is stable for at least 1 month (8), we have prepared it 
weekly. 

4. Thoroughly washed bakers’ yeast. 

Bakers’ yeast (obtainable from Standard Brands, Inc.) is 
washed by centrifugation with distilled water until the super- 
natant is clear for two washings. 

Apparatus 

1. Water bath with removable tube rack. 

2. Tall resistance glass test-tubes graduated at 25 cc. 

3. Photoelectric colorimeter of the type described by Evelyn 
(9), equipped with a light filter transmitting at a maximum of 
about 620 mu.' 


Procedure 


Serum or Plasma Inulin—(a) 1 part of serum or plasma is 
added to 8 parts of ZnSO, solution, mixed, and the protein pre- 
cipitated by addition of 1 part of 0.75 N NaOH. The volume of 
filtrate obtained from small samples (0.5 or 1.0 ec.) of plasma or 
serum may be increased by centrifuging the mixture before filtra- 
tion. After filtration, the protein-free filtrate is placed in a 
centrifuge tube which contains about } volume of thoroughly 


The photoelectric colorimeter, light filters, and absorption tubes may 
be obtained from the Rubicon Company, Philadelphia. 
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packed yeast. These tubes are prepared by adding the required 
volume of 1:1 suspension of washed yeast in water to a centrifuge 
tube, centrifuging at 2800 r.p.m. for 20 minutes, pouring off the 
supernatant, and allowing the tubes to dry during inversion in 
a rack. The water is then removed from the lips of the tubes, 
and droplets which may have clung to the tube wall removed 
with clean gauze. 
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Fic. 1. The ordinate represents color density (L value (9)); abscissa: 
Curve A, inulin determination, levulose equivalent in mg. per 100 cc. of 
protein-free filtrate or water; Curve B, levulose determination, levulose in 
mg. per 100 ec. of blood; Curve C, levulose determination of glucose equiva- 
lent in mg. per 100 ec. of blood. 


(b) The yeast is stirred into the plasma filtrate with a clean 
dry rod and the mixture allowed to stand with occasional shaking 
for 15 to 30 minutes. The tubes are then centrifuged at the rate 
and for the length of time used in packing the yeast from its water 
suspension. The supernatant fluid is then decanted through 
small filter papers. 

(c) Al ce. portion of filtrate is transferred to a tall test-tube 
graduated at 25 cc., or, if deposits from the water bath can be 
excluded, into a colorimeter absorption tube (8) which has been 
graduated at this mark. The sides of the tube are washed down 
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during the addition of 5 cc. of acid alcohol-diphenylamine reagent 
and the tubes at once placed in a boiling water bath for exactly 
15 minutes. The rack of tubes is then hastily removed from 
the water bath and cooled in an ice bath for about 5 minutes, at 
which time they are made up to 25 cc. with aleohol. The com- 
pensating blank is prepared from an identically treated sample 
of plasma or serum taken before the administration of inulin. 

(d) The color comparison is made against the compensating 
blank with Filter 620 (transmission 595 to 660 my). The inulin 
content is found by reference to a calibration chart which has 
been prepared from samples of pure levulose in precipitating 
media which have been treated exactly as described in the pre- 
ceding paragraph (c) (Fig. 1, Curve A). 

Urine Inulin—Urine inulin may be determined by this method 
when present in a concentration of about 2.5 per cent. The urine 
sample, or the mixture of urine diluted in bladder washings, is 
diluted in distilled water to at least 1000-fold of the original 
urine. Although urine protein in concentrations as high as 5 per 
cent does not interfere with the reaction at dilutions higher than 
1 part in 500, it may be removed before dilution by treatment of 
the urine with the precipitating media described above. The 
diluted urine sample is treated exactly as the blood filtrates in 
paragraphs (b), (c), and (d) above, with the exception that the 
compensating blank is prepared from the distilled water in which 
the urine was diluted. 


Results 


The factors affecting the reaction are as follows: 

Duration of Heating—At 15 minutes the color obtained is 
equivalent to 88 per cent of that obtained at 30 minutes of heating. 
The shorter period has been used because the color developed 
follows Beer’s law throughout the range equivalent to 2.5 to about 
15.0 mg. per cent of material tested. . The deeper color obtained 
with longer heating shows a deviation from linearity at lower 
concentrations. Because the maximum color has not been 
developed by the shorter period of heating, care must be taken 
to avoid prolonged contact of reagent and sample before heating 
and to cool the tubes immediately and thoroughly at the end of 
heating. 
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Chromogen Present in Blood Plasma—The chromogen remaining 
in plasma filtrates after treatment with yeast amounts to the 
equivalent of about 1 mg. per 100 cc. of plasma inulin and is 
canceled in the determination by the use of the compensating 
blank prepared from plasma obtained before the injection of inulin. 

Chromogens Present in Urine—Nitrates and nitrites yield blue 
‘ colors with this reagent. Consequently, the reaction cannot be 
attempted in undiluted urine, although dilution to 1 part in 1000 
or more practically abolishes the color obtained from the normal 
dog or human urine. There is no perceptible blank obtained 
from urine to which nitrites have been added to a concentration 
of 1 part in 1000 or nitrate to a concentration of 1 part in 100, 
the samples subsequently having been diluted a thousand times. 
These concentrations of urine nitrate and nitrite will rarely be 
reached in the urine of the intact animal. 

Recovery—The levulose used in the preparation of the calibration 
chart (Fig. 1, Curves A and B) had a specific rotation of —91.5° 
at 20° (average of two determinations by different observers).* 
The inulin used (Pfanstiehl, c.p.) was dissolved in water by heat, 
passed through a Seitz filter, thrice reprecipitated from water 
solution with alcohol, and carefully dried in a vacuum desiccator 
over CaCl, The recovery of inulin from blood plasma and 
from solutions in water and precipitating medium averaged 99 
per cent by weight and varied from 98 to 101 per cent at concen- 
trations equivalent to 5 to 15 mg. per 100 ec. of plasma filtrate, 
precipitating medium, or water (average of 60 determinations). 

The same inulin sample was found to have a levulose equivalent 
of 94 per cent by weight after acid hydrolysis and determination 
of hydrolyzable reducing substance by the Shaffer-Somogyi 
method (Reagent 50, 5 gm. of KI, 150 ec. of 0.1 N iodate per liter) 
(11). Hydrolysis was carried out by addition of 0.2 cc. of 1 N 
H,SO, to 5 cc. of inulin solution; the tubes were heated in a boiling 
water bath for 15 minutes and the reducing substance determined 
after neutralization. An 8-fold increase in the concentration of 
acid did not increase the yield of reducing substance. The whole 
of the reducing substance thus obtained was fermented by yeast. 


? The writers wish to acknowledge their thanks to Dr. E. C. Kleiderer 
and Dr. E. J. Hughes of the Research Division of Eli Lilly and Company 
for these analyses. 
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Treatment of the fermented hydrolysate with diphenylamine 
reagent gave a color equivalent to from 5 to7 per cent of the inulin 
used (three determinations). This chromogen, as determined 
by the average difference of the two methods, was equal to 6 per 
cent by weight of the inulin sample and is apparently identical 
with the fructose anhydride described by Jackson and Goergen 
(12), which amounted to 5 per cent of their inulin sample. Our 
recovery of 99 per cent inulin by weight suggests that the inulin 
used had a non-chromogenic aldose content of about 1 per cent, 
and thus that the hydrolyzable levulose content of our inulin 
was 93 per cent, a value which agrees well with recoveries of 92 
and 94 per cent reported in the literature (12, 13). 


SUMMARY 


A photocolorimetric method for the determination of small 
amounts of inulin in blood and urine is described. The method 
depends upon the color produced by levulose and probably by 
levulose anhydrides in contact with strongly acid diphenylamine. 


The Determination of Levulose in Small Amounts of Blood 


The method here described is a convenient modification of 
Herbert’s method (8) which requires only 0.2 cc. of blood. 

Reagents 

1. Precipitating media (modified from Hagedorn and Jensen 
(14)). (a) 4.5 per cent ZnSO,-7H,O; (b) 0.2 nN NaOH. 

2. Stock diphenylamine solution. 

3. Acid alcohol-diphenylamine reagent. 

A pparatus— 

1. Resistance glass test-tubes graduated at 10 cc. 

2. Water bath, tube rack, and photoelectric colorimeter. 


Procedure 


(a) Precipitation of Blood Protein—0.2 ec. of blood is delivered 
from a pipette calibrated “‘to contain” into a centrifuge tube 
containing 1 ec. of ZnSO, solution and the pipette rinsed back into 
the tube. 1 cc. of 0.2 N NaOH is added and the tube placed in 
a boiling water bath for 4 minutes, when it is removed and centri- 
fuged at about 2800 r.p.m. for 5 minutes. 

(b) Development of Color—1 cc. of the supernatant fluid is taken 
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into a pipette whose tip is guarded by a wisp of washed cotton. 
The cotton is removed and the protein-free filtrate transferred to 
a test-tube graduated at 10 cc., or, if deposits from the water 
bath can be excluded, to a colorimeter absorption tube graduated 
at this mark. 5 cc. of acid alcohol-diphenylamine reagent are 
added and the tubes at once placed in a boiling water bath for 
exactly 15 minutes. When the tube is removed from the water 
bath, it is cooled in an ice bath for about 5 minutes and made 
up to 10 ce. with alcohol. The compensating blank is prepared 
from an identically treated sample of blood taken before adminis- 
tration of levulose. 

(c) Color Determination—Color comparison is made with refer- 
ence to the compensating blank with Filter 620. The levulose 
content is found by reference to a calibration chart prepared from 
samples of pure levulose in precipitating media treated exactly 
as in paragraphs (b) and (c), p. 603, (Fig. 1, Curve B). 


Results 


Effect of Blood Glucose—The color given by solutions of glucose 
and reagent heated for 15 minutes varies slightly in its levulose 
equivalent. The average color obtained in terms of blood glucose 
is represented in Fig. 1, Curve C, in which 100 mg. per 100 ce. 
of blood glucose are equivalent to about 2.5 mg. per cent of lev- 
ulose. Error from this source is abolished by the compensating 
blank when blood glucose is constant, and the error amounts to 
only 0.5 mg. of levulose per 100 cc. with glucose concentrations 
varying 20 mg. per 100 cc. When there is reason to suspect that 
wider variations will occur, total blood sugar may be separately 
determined by some micromethod. A close approximation of 
true levulose may then be made by subtraction from total blood 
sugar of the apparent levulose to yield approximate true glucose. 
The levulose equivalent of the approximate blood glucose is 
found by reference to the calibration chart (Fig. 1, Curve C) and 
this value applied to correct the apparent blood levulose. 

The recovery of levulose added to blood averages 100 per cent 
at concentrations varying from 5 to 50 mg. per 100 cc. of blood. 
The range of error amounts to about 0.5 mg. of levulose per 100 cc. 
(average of thirty determinations). 

The method is applicable to the study of levulose metabolism 
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in small animals and has been satisfactorily used in the clinical 
determination of levulose tolerance. 


SUMMARY 


A method is presented for the determination of levulose in 
0.2 ce. of blood. 


The authors wish to acknowledge their gratitude to the John 
and Mary R. Markle Foundation for a grant to one of us (A. C. C.). 
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A DIRECT COLORIMETRIC METHOD FOR THE DETER- 
MINATION OF INULIN IN BLOOD AND URINE* 


By ALF 8. ALVING, JACK RUBIN, ann BENJAMIN F. MILLER 
(From the Department of Medicine, University of Chicago, Chicago) 


(Received for publication, December 5, 1938) 


The renal clearance of inulin was introduced almost simul- 
taneously several years ago by Richards, Westfall, and Bott (1) 
and by Shannon and Smith (2) for the measurement of glomerular 
filtration rate. Since then the inulin clearance has been em- 
ployed by a number of investigators, especially for studies on the 
human kidney. However, because of the large quantities of 
inulin that must be administered for the clearance test, and the 
insensitive and tedious methods of analysis employed, this clear- 
ance has not found the favor that it merits. 

Inulin hitherto has been determined by the reducing power, as 
carbohydrate, of the sample before and after hydrolysis by acid. 
Such a method suffers from the inconveniences and errors in- 
volved in analyses performed by difference and cannot be em- 
ployed for accurate determination of inulin in blood plasma at 
concentrations below 50 mg. per cent. 

In order to perform certain studies of inulin excretion at very 
low plasma levels, and furthermore with the idea of simplifying 
the analytical technique of the clearance, and of reducing the 
quantity of inulin to be injected, we have devised the method here 
described. This new procedure depends on a reaction between 
inulin and alcoholic diphenylamine in hot acid solution. With 
inulin, as with fructose (van Creveld (3), Patterson (4), Herbert 
(5), and others), this reagent gives an intense, clear blue color. 
The reagent reacts only slightly with glucose. When glucose and 
fructose are removed by fermentation with yeast, inulin may be 
determined specifically in biological fluids by this method. 


* This work has been aided by a grant from the Douglas Smith Founda- 
tion for Medical Research. 
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Our method gives very precise results in the determination 
of plasma or urine filtrates containing 4 micrograms or more of 
inulin per ce., and it also yields satisfactory values on plasma 
filtrates containing as small an amount as 2 micrograms per cc. 

Reagents— 

Diphenylamine reagent. 10.00 gm. of reagent grade diphenyl- 
amine (Merck, m.p. 52.5-53.3°) are dissolved in redistilled absolute 
ethyl alcohol and diluted to a volume of 100 cc. with the alcohol. 
This solution must be kept in a dark bottle. Of this alcoholic 
diphenylamine solution 12 volumes are added to 192 volumes of 
a mixture which contains 80 volumes of c.p. concentrated HCl 
and 112 volumes of redistilled absolute ethyl alcohol. If kept in 
a dark bottle, this reagent may be used for 1 week; the very faint 
color which develops during this time does not interfere with the 
method. 

Acid cadmium sulfate solution. 13.0 gm. of reagent grade 
cadmium sulfate (83CdSO,-8H,O) and 63.5 cc. of exactly 1 N 
sulfuric acid are made to 1 liter with distilled water. 

1.10 N sodium hydroxide. Reagent grade sodium hydroxide 
“from sodium” is used for this solution. 


Procedure 


Removal of Fermentable Carbohydrate—Because glucose reacts 
slightly with the diphenylamine reagent, it must be removed when 
very accurate determinations of inulin are required at values below 
30 mg. per 100 cc. of plasma, or whenever analyses are made on 
samples from subjects having hyperglycemia or glycosuria. The 
glucose is removed as follows: To 5 or 10 ec. of plasma or serum 
in a 15 ec. centrifuge tube is added 0.5 or 1.0 cc. respectively of a 
suspension of yeast cells... The tube is shaken and incubated at 
38° for 30 minutes, and then centrifuged at high speed for 15 
minutes. At the same time the volume of yeast cells is obtained 
in the Wintrobe hematocrit tube (6). The supernatant plasma 


1 The yeast suspension is prepared by washing about 50 gm. of starch- 
free yeast in 100 cc. of distilled water. The water suspension is centrifuged 
at low speed and the supernatant liquid decanted. This procedure is 
repeated five times. The washed yeast cells can be kept in a stoppered 
container in the refrigerator for 2 weeks. The cells should be washed again 
once immediately before use. 
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is deproteinized as described below. Whenever the yeast fermen- 
tation technique is employed, it should be performed as above; if 
used directly on filtrates, it yields turbid solutions which interfere 
with the final estimation of the color. 

Precipitation of Blood or Urine Protein—The method of Fujita 
and Iwatake (7) is employed. To 1 volume of plasma, serum, or 
urine are added 8 volumes of the acid cadmium reagent, followed 
by 1 volume of 1.10 N sodium hydroxide. The mixture is agi- 
tated gently while the sodium hydroxide is being added, and is 
then shaken vigorously for a few seconds. After standing 15 min- 
utes the mixture is filtered and the filtrate diluted, if necessary, 
to contain between 2 and 12 micrograms of inulin per ce. 

Development of Color—The reaction is performed in a heavy 
walled test-tube which measures approximately 20 K 110 mm. 
These tubes must be capable of withstanding considerable changes 
of temperature and pressure, and also must have covers which 
make a perfectly tight fit to prevent evaporation during heating. 
We have employed a special tube for this purpose.* 

5 cc. of diluted urine or filtrate of plasma or serum are placed 
in one of the glass tubes and 10 cc. of the diphenylamine reagent 
added. The tube is agitated to dissolve the precipitate, and to 
obtain complete mixing of the aqueous and alcoholic solutions. 
The screw-cap is sealed tightly onto the tube which is placed in a 
bath containing vigorously boiling water. It is convenient to use 
a rack capable of holding eighteen tubes. The temperature of the 
bath should be uniform throughout, and there should be provision 
for free circulation of water under and around the individual tubes. 
After the tube has been heated in the boiling water for exactly 
60 minutes, it is removed and immediately plunged into water 
and cooled to room temperature. The cooled solution is kept at 
room temperature for 10 minutes longer and then transferred as 
described below. 

Caution—Care should be taken to protect oneself against the 
possibility of a defective tube exploding during the boiling or 
sudden cooling. 

Estimation of Color Intensity—We find that the Evelyn photo- 


? Round bottom tubes complete with screw-caps may be obtained from 
E. H. Sargent and Company, Chicago. Rubber liners must be heated in 
10 per cent sodium hydroxide before they are used for the first time. 
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electric colorimeter (8) gives very precise, reproducible results 
with a minimum time of reading. The solution is transferred to 
one of the “S”’ test-tubes furnished with the instrument and the 
light transmission determined with a No. 660 filter.* The equiva- 
lent inulin concentration is determined from a calibration curve 
which relates per cent light transmission to concentration of inulin. 

Undoubtedly other types of instruments can be employed satis- 
factorily. We have used the Zeiss Pulfrich stufenphotometer 
with good results; however, this instrument is less satisfactory 
than the Evelyn photoelectric colorimeter. For inulin concen- 
trations above 5 mg. per cent the Duboscq colorimeter gives 
results which are very satisfactory. 

Determination of Blank Value of Reagents—5 cc. of distilled 
water are heated with the diphenylamine reagent for 1 hour; and 
cooled as above. The final color yielded by the blank reagents 
should be very slight. It is subtracted from the total color by 
adjusting the photoelectric colorimeter to read 100 per cent trans- 
mission with the tube containing the blank. The corresponding 
unknowns are then read at the “center setting’ of the blank. 
If the blank solutions show slight variations from tube to tube, 
several of them should be combined and used for an average 
setting. 

Calibration—Inulin (c.p. Pfanstiehl) is dried at 80° to 100° for 
1 hour and cooled in a desiccator. A solution is prepared con- 
taining exactly 1 gm. of this dried inulin in 100 cc. of water. From 
this solution dilute standards containing from 0.001 to 0.015 mg. 
per cc. are prepared, and these are analyzed by the method given 
above beginning with ‘Development of color.’’ The logarithm 
of the per cent light transmission as obtained in the Evelyn color- 
imeter, or the stufenphotometer, is plotted against concentration 
of inulin. The calibration line plotted on semilogarithm paper 
is shown in Fig. 1 where it may be seen that the color intensity 
exhibits a linear relationship to inulin concentration from 0.001 
to 0.005 mg. per cc. At higher concentrations the calibration 
line is curvilinear, but is always reproducible. Because inulin 
varies slightly in composition, depending upon its source, calibration 
curves should be made on the particular inulin used by each laboratory. 


3 The colorimeter and filters may be obtained from the Rubicon Com- 
pany, Philadelphia. 
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Calculations and Corrections for Non-Inulin Chromogenic Sub- 
stances in Blood and U'rine—For aqueous solutions or very dilute 
urine containing inulin the concentration is obtained directly 
from the calibration line, or when the ordinary colorimeter is 
employed, by comparison with standard inulin solutions. How- 
ever, for serum or plasma a correction must be made for the color 
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Fic. 1. Calibration curve showing relation between the per cent of light 
transmitted and the concentration of inulin. (Evelyn photoelectric 
colorimeter with Filter 660.) 


produced by the non-inulin chromogenic compounds in the blood. 
This is accomplished by one of the following methods. 

Method 1 (When Highest Accuracy Is Required)—A sample 
of plasma or serum is obtained shortly before the injection of 
inulin. It is treated by the yeast fermentation technique and 
the inulin equivalent of the residual chromogenic material ob- 
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tained. This value is so small and so constant that it may be sub- 
tracted from the total inulin value of all blood specimens taken 
after injection of inulin. In most cases it should be sufficient to 
determine this value once on a control blood under the conditions 
of the particular experiment and to use it as a constant correction 
thereafter. 

The dilution effect from the water in the yeast suspension is 
obtained by applying the hematocrit value obtained on the yeast 
suspension. 

For concentrated urine containing small amounts of inulin 
the urine itself may contribute a small blank. In such cases the 
blank is obtained on a specimen of urine collected under the same 
conditions as the subsequent ones containing inulin. The correc- 
tion due to non-inulin chromogenic material is very small in 
almost all inulin clearance experiments. It might be large when 
other substances such as glucose are injected with the inulin; in 
such a contingency the fermentation technique described for the 
plasma or serum should also be applied to the urine. 

Method 2 (When Fermentation Is Not Employed)—The plasma 
or serum obtained before the injection of inulin is analyzed for 
non-inulin chromogenic material. The blank value averages 
about 7 mg. per cent. This value is subtracted from the total 
inulin values of the subsequent samples. Unless the inulin con- 
centration lies above 30 mg. per cent, this method leads to fairly 


large errors. 


EXPERIMENTAL 


Determination of Inulin Added to Normal Human Plasma and 
Urine—Inulin was added to human serum or plasma and analyzed 
by the complete procedure including fermentation. The results 
given in Table I show the high degree of accuracy obtained by 
the method. From 4 to 15 mg. per 100 cc. the error is 2 per cent 
or less; and even at the exceedingly low value of 2 mg. per 100 ce. 
the error is only 5 per cent. Comparable recoveries are obtained 
with analyses performed on normal urine containing added inulin, 
as shown in Table IT. 

Determination of Inulin Added to Abnormal Human Plasma 
and Urine—Inulin was added to plasma and urine obtained from 
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patients suffering from severe uremia or severe jaundice with high 
serum and urine bilirubin contents. Also, urines containing large 
quantities of protein were studied. In each case the accuracy of 
the inulin determination compares favorably with the results 
found with normal plasma and urine. 

When plasma and urine obtained from diabetic patients are 
both analyzed by the fermentation technique, the results agree 


Tasie | 
Recoveries of Inulin Added to Blood Plasma (Plasma Fermented) 


Inulin added Inulin recovered Error 
mg. per 100 cc. mg. per 100 ce. per cent 
2.03 1.93 —4.9 
: 4.09 4.09 0.0 
8.06 8.24 2.2 
8.06 8.11 —0.6 
: 11.55 11.40 —0.9 
10.20 10.30 +1.0 
' 14.70 14.95 +2.0 
r 
; TaBie II 
| Recoveries of Inulin Added to Untreated Urine 
- Inulin added Inulin recovered Error 
y mg. per 100 cc. mg. per 100 cc. per cent 
96.0 93.6 —2.5 
96.0 96.6 +0.6 
96.0 92.3 -3.9 
d 229.0 227 .6 —0.6 
d 229.0 227 .6 —0.6 
" 229.0 221.0 | —3.6 
y 
it with those from normal subjects. In diabetic patients, however, 
C. the fermentation technique must always be employed. 
d Effect of Various Protein Precipitants—Various protein pre- 
n, cipitants have been tested. Tungstic acid is unsuitable because 
& precipitate develops during heating. Trichloroacetic acid, iron, 
a and mercury yield higher blanks for the non-inulin chromogenic 


m substances in the blood. Somogyi zine precipitation yields results 
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identical with those obtained by the cadmium precipitation de- 
scribed above.‘ The cadmium precipitation was adopted in prefer- 
ence to the Somogyi precipitation, because the former method 
allows simultaneous determination of creatinine and inulin clear- 
ances. Creatinine analyses are more accurate when performed 
on cadmium filtrates (Miller and Allinson).® 

Choice of Serum or Plasma for Analysis; Effect of Blood Anti- 
coagulant—Determinations of blood inulin yield identical values 
with either plasma or serum. Potassium oxalate or heparin, the 
only anticoagulants tested, does not interfere with the analysis. 


SUMMARY 


A method is described for the determination of inulin by a 
simple, direct colorimetric procedure which possesses great sen- 
sitivity and specificity. In this method the color reaction between 
fructose and diphenylamine has been adapted to the estimation 
of inulin in serum, plasma, and urine. The intense blue color 
produced by inulin is measured by a photoelectric or visual 
colorimeter. 

By this procedure plasma inulin concentrations as low as 2 mg. 
per cent may be determined with a high degree of accuracy. 
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CONS oH wo 


‘In a recent paper Steinitz (9) objects to the use of cadmium hydroxide 
as a protein precipitant for the determination of inulin. He states that 
cadmium yields lower values than precipitation by zine hydroxide. We 
have recently performed additional recovery experiments on serum con- 
taining 15 and 150 mg. per cent of added inulin, and have found that both 
types of precipitants give identical and correct values. 

5 Miller, B. F., and Allinson, M. J. C., unpublished results. 
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AN APPARATUS FOR THE RAPID AND ACCURATE DE- 
TERMINATION OF LOW OSMOTIC PRESSURES 
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Some of the difficulties inherent in the determination of osmotic 
pressure by the methods already in use were felt most acutely in 
this laboratory when attempts were made to study human serum 
fractions both in normal and in nephrotic subjects. 

In the technique used so successfully by Adair (1), a collodion 
bag containing the protein solution is tied to the lower end of a 
glass tube and immersed in a vessel containing the outer fluid. 
Several cc. of solution, a cold room, and much time are required 
(equilibrium being usually reached only after a week or two). 
The protein concentration must be measured in each bag after 
the end of the experiment, since some change in concentration 
always occurs. A determination of the specific gravity of the fluid 
and a correction for capillarity are also required. These compli- 
cations render the accurate determination of low pressures rather 
hazardous. 

For clinical purposes, many investigators, following Govaerts 
(2) and Krogh and Nakazawa (3), have used a different system, 
which involves a flat membrane (usually cellophane) and requires 
only a fraction of a cc. of solution. Two features of the method 
are that a counterpressure is applied on the inner fluid through 
a water manometer, and that the outer fluid is usually represented 
only by a moist disk of filter paper. We soon realized that this 
method, which is suitable for approximate clinical work, becomes 
useless if accuracy in the determination of low pressures is desired. 

In more recent years, Oakley (4) has attempted to obviate some 
of the defects pointed out above. Unfortunately, his apparatus 
requires large amounts of material, and is very sensitive to tem- 
perature changes. 
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The method outlined below requires no more than 0.2 cc. of 
solution. At room temperature equilibrium is usually reached 
in 3 to 4 hours, and the final reading can be made from 3 to 4 
hours later. There is no determination of concentration after 
the reading, no correction for specific gravity or capillarity. It 
is accurate enough so that a protein solution as little concentrated 
as 0.025 mm still gives readings which usually check within less 
than 5 per cent. 


Description of Apparatus 


The apparatus is essentially composed of the following parts: 

1. A hard rubber part. This encloses a horizontal flat mem- 
brane separating the inner chamber (below),which contains the 
liquid to be examined, from the upper chamber (above). 

2. A Y-shaped glass tube. The lower branch of the tube is 
connected with the inner chamber; one of the upper branches is 
connected through a stop-cock with the outer chamber; the 
other branch bears a capillary graduated in mm., which is the 
manometer. 

The following description should be read with the help of Fig. 1. 

The part containing the membrane is similar, if considered 
upside down, to that described by Krogh and Nakazawa (3). 
It is entirely made of hard rubber. The central piece d encloses 
the inner chamber h whose capacity is about 0.2 cc. and which 
is to receive the protein solution. The upper face of A is repre- 
sented by the membrane g, followed by a perforated, hard rubber 
disk f, a thick soft rubber washer e, and cylinder b. All these 
parts are firmly clamped together by screwing c over 6 and d. 
This arrangement isolates tightly the inner chamber A from the 
outer chamber h’, permitting no protein solution to escape into 
the latter; at the same time crumpling of the membrane, which 
inevitably happens when the latter is in direct contact with a 
soft rubber washer, is here prevented. 

At the bottom of d the arm 1 of the glass tube is inserted and 
firmly held in place by screwing the hard rubber cap i. The 
latter is separated from d by a hard rubber washer k and a soft 
rubber washer j. 

The lower arm of the glass tubing is of 0.5 mm. inner diameter. 
It is bent twice at right angles, and before dividing into its two 
branches it widens into chamber m (0.05 to 0.1 cc. in capacity). 
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¢ : 
Chamber m is so placed that its floor, when the apparatus is as- 
sembled, is at the same level as the membrane. 
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Fig. 1 


One of the branches I’ of the tube is provided with a 1l-way 
stop-cock n which opens into a section of transparent rubber 
tubing, s, followed by a section of glass tubing, ¢, which passes 
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through the hard rubber plug a. The latter bears a small hole 
u which insures atmospheric pressure inside chamber h’. 

The other branch /” opens into cup p, which bears tube r. The 
latter is made of high grade 0.2 mm. capillary tubing, and is 
graduated in mm. The lower part of r widens into chamber gq, 
the capacity of which is 0.05 to 0.1 ec. Capillary r is firmly 
plugged into cup p and contact takes place through carefully 
ground surfaces. 


Description of Method 


The apparatus is assembled and filled in the following way. 

The glass tube is first fitted to s, t, a, and to 7, k, and j, but not 
to r. The membrane, which has been dipping in the solution 
which is to be the outer fluid, is rapidly dried between two sheets 
of filter paper and immediately set in place in d, followed by 
f,e, and 6. If the membrane js very thin, it is necessary to sepa- 
rate it from the perforated plate by a disk of filter paper, in order 
to give it perfect rigidity; the diameter of the paper disk should 
be slightly less than the upper diameter of the inner chamber. 
Then c is firmly screwed on. The object is now inverted and 
about 0.2 cc. of the solution to be tested is pipetted into h. Arm! 
is now introduced and pressed down until the fluid fills / as far as 
the entrance to chamber m. Cap 7 is then tightly screwed on. 

The apparatus is now inverted again and placed in a support. 
Chamber h’ receives about 1.5 cc. of outer fluid, a is plugged in 
place, and a slight negative pressure is applied over cup p so as 
to bring the fluid up through ¢ and s and down through lI’, m, 
and l” until it fills cup p. There should be no bubbles left in the 
capillary parts. A small bubble at the top of s is immaterial. 

The manometer is prepared as follows: Its lower end is dipped 
in toluene, which is sucked up until it fills about the lower half 
of chamber g. It is then dipped in water, which is sucked up until 
the toluene fills the upper half of the chamber and the beginning 
of the capillary. The ground surface is lubricated with vaseline, 
and the capillary is plugged into p. 

The whole procedure takes but a few minutes. 

The apparatus should be placed in a water bath, the water 
just covering the top of c, and in a room at approximately constant 
temperature. It is now ready for operation. 
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The stop-cock being open, the toluene column in the manometer 
comes into hydrostatic equilibrium with the fluid in chamber h’ 
through /”, l’, s, and ¢t. The pressure thus registered is p;. As 
soon as the cock is closed the meniscus starts to rise, because to 
the hydrostatic pressure already present is now added the osmotic 
pressure which tends to transfer water through the membrane 
from h’ to h, and therefrom to the manometer through / and 1”. 
The rise of toluene will finally stop when the height of the toluene 
balances the sum of the hydrostatic and of the osmotic pressures. 
The figure then read is pe. The osmotic pressure alone, in mm. 
of toluene, is pp — ~:. When, afterthe reading of pe, the cock is opened 
again, the toluene falls back to p;. Since some slight changes may 


TaBLeE I 


Osmotic Pressure of a 0.1 mu Solution, Expressed in Mm. of 
Toluene, at Different Temperatures 











Temperature Pressure Temperature Pressure 
*C. mm. S. mm. 
15 28.0 23 29.0 
16 28.2 | 24 29.2 
17 28.3 25 29.3 
18 28.4 26 29.4 
19 28.5 27 29.6 
20 28.7 28 29.7 
21 28.8 29 29.8 
22 28.9 30 30.0 





| 


have occurred in the whole system between the beginning and the 
end of the experiment, it is obviously preferable to take the second 
p: reading rather than the first. 

Table I gives the osmotic pressure, expressed in mm. of toluene, 
developed by a 0.1 mm solution, in function of temperature. The 
calculations were based on the van’t Hoff law and on the variation 
of the specific gravity of toluene with temperature (4). 

The membrane being firmly held in place, no appreciable dilu- 
tion can occur during the procedure. The amount of water which 
passes through the membrane until the final pressure is reached is 
exceedingly small. For example, a 0.1 mm solution will cause a 
rise of the toluene column of about 30 mm. The capillary being 
0.2 mm. in inner diameter, the amount of liquid displaced will 
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be 0.17 X 3.14 K 30 = 0.94¢.mm. The capacity of chamber h 
being about 200 c.mm., this will mean a dilution of less than 0.5 
per cent. A correction can be calculated for the purpose. For 
the same reason, the increase in pressure will not affect appreciably 
either the height of fluid in h’, or the capillary forces at the water- 
toluene interface in q. 

Since the fluid to be tested fills entirely the U formed by the 
lower arm of the tube, and chambers m and h being at the same 
level, no correction for specific gravity is necessary. No capillarity 
correction is necessary for obvious reasons. 

Toluene has been chosen because, besides being almost non- 
miscible with water, it is remarkably fluid and never adheres 
in the capillary tube (water for that purpose would be quite 
unsuitable). It should be noted that when the apparatus is 
dismantled the manometer should not be emptied, but kept as it 
is in a vertical position with its lower end dipping in water. It 
can thus be used indefinitely. 

The apparatus can be conveniently used also for the determina- 
tion of higher pressures by connecting, through a section of rubber 
tubing, the toluene manometer with a water manometer. The 
procedure then simply consists, after closing the stop-cock, in 
keeping the toluene meniscus approximately immobile by increas- 
ing progressively the counterpressure in the water manometer 
until equilibrium is almost reached. The apparatus is then left 
alone while the toluene meniscus climbs a few mm. and finally 
remains immobile. The final reading is given by the sum of the 
toluene pressure difference (p2 — p,) and the water counter- 
pressure applied. The specific gravity of toluene at room tem- 
perature is about 0.865 (5). 

In order to test the apparatus, we prepared human hemoglobin 
solutions in the following way (6). 

Oxalated blood was centrifuged, the serum removed, and the 
cells washed twice with 10 times their volume of 1.5 per cent 
NaCl. To 1 cc. of packed cells were added 0.3 cc. of water, 0.3 
ce. of ether, and 0.2 gm. of solid NaCl. The solution obtained 
was centrifuged and filtered. It was then dialyzed against dis- 
tilled water at room temperature in a little cellophane bag. The 
bag was held flat against a hard rubber frame, so as to offer the 
greatest possible surface in proportion to the volume of solution. 
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It was thus rocked in a trough for a few hours until the outer 
fluid, which was often renewed, remained salt-free. A mixture of 
Sérensen’s phosphate solution was then added to the hemoglobin 
so as to make the final concentration m/30 and the pH 6.8. Under 
these conditions it is generally agreed (7) that the protein has a 
molecular weight of approximately 68,000. From this stock 
solution several more dilute solutions were prepared. They 
would keep in the ice box for weeks, without any apparent altera- 
tion. Spectroscopic examination showed no appreciable met- 
hemoglobin. As the proportion of total nitrogen, 16.75 per cent 
was used in the calculation (6). Total nitrogen determinations 
were made with the Van Slyke gasometric apparatus (8). 

The difficulty of the method lies obviously in the use of a suitable 
membrane. Cellophane, of the kind which is quite satisfactory 
for dialysis, proved useless. With it, the pressure would rise 
a few mm., then stop abruptly and remain unchanged; no better 
result was ever obtained. With home-made collodion membranes 
the first results were not too unsatisfactory, but it was felt that 
a commercial product, if available, would give better guarantees 
of reproducibility. Therefore cellulose membranes manufactured 
according to Zsigmondy and listed as “ultrafine medium’’! were 
tried and proved quite suitable. 

Since these membranes are not very accurately graded, a few 
precautions are necessary. One large piece, as sold, can be cut 
into several small disks to fit the size of the apparatus. It is 
probably safe to test every one of these with a standard hemo- 
globin solution before using them further. 

Since even membranes that seemed good at first sometimes 
later behaved abnormally, it was observed that plotting a time 
curve of the pressure change was helpful in eliminating erratic 
results, and that the two following conditions should be satisfied 
for the obtention of the most accurate figures. 

1. The pressure-time curve should be quite smooth and regular, 
Ap/At remaining always positive and decreasing slowly until 
equilibrium is reached. 

2. Equilibrium should remain unchanged for at least 3 hours, 
with variations no greater than +0.1 mm. 


1 Sold by Pfaltz and Bauer, Inc., New York. 
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Generally speaking, when a result is wrong, the final figure 
cannot be read exactly; it usually comes out 20 or 30 per cent 


TaBie Il 


Molecular Weight Determination of Hemoglobin; Concentration 
0.186 Per Cent; Temperature 21° 


The values are given in mm. 


Osmometer No 1 2 3 4 
11.25 a.m 16.3 11.2 8.0 5.9 
1.10 p.m. 22.9 16.2 13.2 12.0 
as-'* 23.2 17.3 14.3 12.6 
a 2 22.9 17.9 14.8 12.9 
440 * 22.4 18.1 15.0 13.0 
§.55 ‘* 22.0 18.2 15.1 13.0 
— 21.9 18.2 15.1 13.0 
9.00 “ 22.1 18.1 15.0 13.0 
(Stop-cocks opened) 
9.20 p.m. 16.3 10.6 7.7 5.4 
22:1 18.2 15.1 13.0 
—16.3 —10.6 —7.7 —5.4 
P=*Rr-mM= 5.8 7.6 7.4 7.6 
28.8 ; 
Mel, wt. = = = 
0.186 X 10° = | 71,000 72,000 71,000 
Taste III 


Molecular Weight of Human Hemoglobin in m/30 Sérensen’s 
Phosphate Buffer at pH 6.8 


Normal subject Patient with nephrosis 
Concentration ' 

0.176 per cent 0.352 per cent 0.704 per cent 0.186 per cent 0.650 per cent 
73 ,000 65, 800 67 ,400 74,000 68 ,000 
70 ,000 66 , 300 69 ,600 71,000 65,000 

70,000 73,000 | 67,100 
69 , 500 69 , 000 
68 , 000 71,000 

| 73,000 | 

| 71,000 | 


too low, and its time curve is flagrantly abnormal, so that it can 
be excluded most easily. Table II gives an example. 
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Obviously the curve obtained from Osmometer | is unsatisfac- 
tory and should be rejected. 

In the results given in Table ITI, all final figures read remained 
constant for at least 3 hours (sometimes much longer). As some 
of the determinations were allowed to stand overnight, complete 
time curves were not obtained for all, but there was no indication 
that important irregularities had occurred. 

No particular claim is made as to the absolute accuracy of the 
molecular weights obtained, since they are reported primarily as 
an illustration of the method. The figures found for the smallest 
concentrations are by a few per cent above the molecular weight 
usually quoted. Whether this is due to a systematic experi- 
mental error (for which the membrane would most likely be 
responsible) or to the fact that at infinite dilution the correct 
figure is actually about 71,000 cannot be said yet. It should be 
borne in mind that the pressures read in that case are less than 
8 mm. of toluene. 


SUMMARY 


An apparatus is described with which low osmotic pressures 
can be measured accurately on 0.2 cc. of solution and in less than 
8 hours. Satisfactory results are obtained on solutions as little 
concentrated as 0.025 mM. 

The method is illustrated with determinations of the molecular 


weight of human hemoglobin. 
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All the hitherto available information regarding the enzymatic 
action of pepsin has been obtained through the use of proteins 
as substrates. Much of this information must be regarded as 
tentative as long as no substrate of simple, well known structure 
can be provided for the study of pepsin action. It is the purpose 
of the present communication to report the finding of such sub- 
strates for swine pepsin. 

The compound carbobenzoxy-l-glutamyl-l-tyrosine (I) is hy- 
drolyzed to carbobenzoxyglutamic acid and tyrosine in the pres- 
ence of crystalline swine pepsin. The hydrolysis occurs optimally 
at about pH 4 (Fig. 1). At pH 1.8 to 2, which is generally ac- 
cepted as the optimum for pepsin, the hydrolysis of substrate 
(1) occurs rather slowly. Repeated recrystallization of the pepsin 
preparation did not appreciably alter its activity towards sub- 
strate (I). On the other hand, inactivation of pepsin at pH 8.0, 
followed by readjustment of the activity to pH 4.0, resulted in 
loss of the hydrolytic activity toward the substrate. The pos- 
sibility that the splitting of substrate (I) by crystalline pepsin 
might be due to the presence of another enzyme of the cathepsin 
type is unlikely, since neither cysteine nor hydrogen peroxide 
had any effect on the rate of hydrolysis. Furthermore, there was 
no demonstrable carboxypeptidase activity in the enzyme prepa- 
rations employed. The results of all these experiments justify 
the conclusion that the splitting of carbobenzoxyglutamyltyrosine 
is attributable to the action of pepsin itself (Table I). 

The specificity of the pepsin action at pH 4 was investigated 
by means of other synthetic compounds differing from carbo- 
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benzoxyglutamyltyrosine to a greater or lesser degree. Sub- 
stitution of the tyrosine portion of the peptide by various amino 
acids showed that while carbobenzoxy-l-glutamy]-l-phenylalanine 


COOH 
CH; C.H,-OH 
CH, CH, 


| 
C,H,-CH,-0-CO- NH.CH-CO--NH-CH-COOH 


(1) 
COOH 
] 
CH; C.H,-OH 
| 


CH; CH, 
| | 


C,H,-CH,-0-CO NH-CH-CO--NH-CH-CO NH, 


(II) 
COOH 
CH, C.H.-OH 
CH, CH, 


C,H,-CH,-0-CO—NH-CH-CO-LNH-CH -CO—NH-CH,-COOH 


(IID 

COOH 

CH, C.H,-OH 
CH, CH: 


| 
NH,-CH,-CO—NH-CH-CO--NH-CH-COOH 


(IV) 


was split fairly rapidly by pepsin with an optimum at about pH 
4.5 (ef. Fig. 1), carbobenzoxy-l-glutamyl-I-diiodotyrosine, carbo- 
benzoxy-l-glutamyl]-l-glutamic acid, and carbobenzoxy-l-glutamyl- 
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Fic. 1. pH dependence of hydrolysis of synthetic substrates by crystal- 
line pepsin. Curve A, carbobenzoxy-l-glutamyl-l-tyrosine; Curve B, 
carbobenzoxy-l-glutamy]-l-phenylalanine. Enzyme concentration, 2.4 mg. 


of pepsin N per cc. 


TABLE | 


Hydrolysis of Carbobenzoryglutamyltyrosine with Crystalline Pepsin* 


Enzyme preparation 


Twice crystallized pepsin, 1.4 mg. protein N per cc. 
- y rs inactivated at pH 8 and read- 
justed to pH 4 

4 times crystallized pepsin, 1.5 mg. protein N per cc. 


Twice crystallized pepsin, 1.4 mg. protein N per cc. 
‘i ee 


+ cysteine (0.005 mm per cc.) 


Twice crystallized pepsin, 0.8 mg. protein N per ce. 
7 P + hydrogen peroxide (0.2 mm 


“é 


per cc.) 
* pH 4.0. 


ome H 
Time deal 


Ars. 


24 
24 


or on 


y- 
lysis 
per cent 


53 
0 


seve ¢£ 
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glycine were resistant to pepsin action (Table II). On the other 
hand, substitution of the glutamic acid residue indicated that both 
carbobenzoxyglycyl-l-tyrosine and carbobenzoxy-l-tyrosyl-l-ty- 
rosine were split by pepsin at a rather slow rate. All the peptides 
which were found in these experiments to be hydrolyzed by swine 


TABLE II 
Behavior of Synthetic Substrates toward Crystalline Pepsin* 


Substrate Time dr ipeie Isolation of products 


Ars. (per cent 


Carbobenzoxy-/-glutamy]-l-tyrosine 6 18. | Carbobenzoxy- 
l-glutamic 
acid 

24 64 

48 81+ | Tyrosine 
Carbobenzoxy-l-glutamyl-l-phenylalanine | 24 26 
| 48 51 
96 93 
Carbobenzoxy-l-glutamyl-l-diiodotyrosine | 24 0 
|} 48 —1 
Carbobenzoxy-l-glutamyl]-l-glutamic acid 24 3 
48 3 
96 5 
Carbobenzoxy-l-glutamylglycine 24 2 
48 3 
96 5 
Carbobenzoxy-l-tyrosyl-l-tyrosine 24 8 
48 | 16 
96 29 
Carbobenzoxyglycy]-l-tyrosine 24 11 
48 30 
96 43 


* pH 4.0; 1.6 mg. of pepsin N per cc. 
t Beginning of tyrosine crystallization. If the reaction is allowed to 
proceed, about 50 per cent of the liberated tyrosine crystallizes out. 


pepsin contain the aromatic amino acid residues tyrosine or 
phenylalanine. In the most sensitive substrates, tyrosine is 
combined with glutamic acid. On the basis of these experiments 
one may infer that the sensitivity of a peptide bond toward pepsin 
depends upon the nature of both amino acid residues which par- 
ticipate in the peptide bond that is hydrolyzed. However, there 
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are still other structural details of the substrate molecule which 
influence its sensitivity towards pepsin. 

All the previously mentioned synthetic substrates for pepsin 
contain a free a-carboxyl and a free y-carboxy] close to the peptide 
bond which is hydrolyzed by the enzyme. Substitution of the 
a-carboxyl of substrate (I) to yield carbobenzoxy-l-glutamyl-l- 
tyrosineamide (II) strongly depresses the rate of hydrolysis but 


Tasie III 
Behavior of Synthetic Substrates toward Crystalline Pepsin* 





Substrate Time |4 4%; ;,| Isolation of products 
Ars. |per cent 
Carbobenzoxy-l-glutamyl-l-tyrosine | 24 53 
48 74 
Carbobenzoxy-l-glutamy]-l-tyrosineamide | 43 11 
| 68 | 25 
Carbobenzoxy-l-glutaminy]-l-ty rosineamide| 43 3 
| 68 5 | 
Carbobenzoxy-l-glutamyl-l-tyrosylglycine | 24 39 | Carbobenzoxy- 
48 68 | Ilglutamic 
| | acid 
Carbobenzoxyglycyl-l-glutamy]-l-tyrosine | 24 48 | Tyrosine 
| 48 | 52t | 
l-Glutamy]-l-tyrosine | 74 3 
Glycyl-l-glutamy]-l-tyrosine | 24 32 | 
| 48 | 43 | 
Benzoy!|-l-tyrosine | 48 2 
Chloroacetyl]-l-tyrosinet | 24 0 | 


* pH 4.0; 1.4 mg. of pepsin N per cc. 

t Tyrosine crystallization. 

t An experiment at pH 7.0 also showed no hydrolysis of this substrate by 
the pepsin preparation. 


does not eliminate it entirely. However, if both carboxyls are 
masked to give carbobenzoxy-l-glutaminyl-l-tyrosineamide, the 
product is entirely resistant to pepsin action (Table III). Fur- 
thermore, substitution of only the y-carboxyl, as in carbobenz- 
oxy-l-glutaminyl-l-phenylalanine, results in a slowing down of 
the hydrolysis, when compared with the hydrolysis of the acid 
containing two carboxyls (Table IV). One may conclude, there- 
fore, that the presence of free carboxyls is favorable to the action 








| 
| 
| 
| 
| 
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of pepsin if other structural requisites for the enzymatic action 
are fulfilled. In order to subject this conclusion to still another 
test, carbobenzoxy-l-glutamyl-l-tyrosylglycine (III) was in- 
vestigated. The latter possesses a free a-carboxy] but at a greater 
distance from the glutamyltyrosine linkage than in (I). However, 
the rate of peptic hydrolysis of (III) is only slightly diminished 
when compared with that of (I); it is, however, remarkably in- 
creased when compared with that of the amide (II). 

These results showing the favorable influence of free carboxyls 
lead to the expectation that pepsin action is inhibited by the 
presence, in the substrate, of a free amino group in close proximity 











TABLE IV 
Behavior of Synthetic Substrates toward } Crystalline Pepsin® 
Substrate Time Hydrolysis 
2 er 
Carbobenzoxy-l-glutamy]-l-phenylalanine | 24 24 
46 | 38 
Carbobenzoxy-l-glutamy]-d-phenylalanine 24 5 
6 OC 3 
Carbobenzoxy-/l-glutaminyl-l-phenylalanine 20 8 
| 44 | 26 
92 50 
Carbobenzoxy-l-phenylalanyl-l-glutamic acid 20 | 6 
44 20 





* pH 4.2; 1.4 mg. of pepein N per ce. 


to the peptide bond. J/-Glutamyl-l-tyrosine is completely re- 
sistant to the action of pepsin. Furthermore, the following 
compounds containing basic groups were tested for lability toward 
pepsin, with completely negative results at pH 2 and pH 4: ben- 
zoyl-l-lysineamide, benzoylglycyl-l-lysineamide, benzoyl-l-histi- 
dineamide, benzoylglycyl-l-histidineamide, _benzoyl-l-arginine- 
amide. However, the free tripeptide glycyl-l-glutamyl-l-tyrosine 
(IV) is split by pepsin with remarkable ease (Table III) between 
the glutamyl and tyrosine residues. 

The specificity of pepsin is sensitive not only to the nature of 
the amino acids which participate in the peptide bond of the 
substrate, but also to the sequence of these amino acids. As an 
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example, carbobenzoxy-l-phenylalanyl-l-glutamic acid is_hy- 
drolyzed much more slowly than is carbobenzoxy-l-glutamy!l-l- 
phenylalanine (Table IV). 

The optical selectivity of pepsin is demonstrated in the resistance 
of carbobenzoxy-l-glutamyl-d-phenylalanine to the hydrolytic 
action of the enzyme (Table IV). 

A few years ago Calvery and Schock (1) found that pepsin 
liberates tyrosine from egg albumin. It was rather difficult to 
reconcile this observation with the generally accepted opinion that 
all polypeptides were resistant to pepsin action. The hypothesis 
was discussed that, during the pepsin action on egg albumin, 
there might be formed peptides containing tyrosine in a special, 
hitherto unknown, and extremely labile combination (2). Hy- 
potheses of this kind now become unnecessary, since it has been 
shown that pepsin splits peptide linkages of simple peptides, such 
as glycylglutamyltyrosine, with the liberation of tyrosine. The 
latter process is comparable to the formation of tyrosine during 
the pepsin action on egg albumin. Our experiments have demon- 
strated that pepsin is not restricted to the splitting of centrally 
located peptide bonds but also hydrolyzes terminal peptide bonds 
if they are situated at the carboxyl end of the peptide chain. 
The formation of tyrosine during the peptic digestion of a genuine 
protein probably proceeds in such a manner that at first the 
carboxyl group of tyrosine is liberated and that afterwards the 
peptide bond involving the amino group of tyrosine is hydrolyzed. 

The enzymes that digest genuine proteins are usually classified 
as pepsinases, tryptases, or papainases on the basis of the pH 
optimum of their rather complex action on proteins (3). It is 
assumed that pepsin has its optimum around pH 1.8,' while the 
optimum of the papainases was found to depend upon the nature 
of the substrates and to vary from pH 3 to pH 10. However, 
the experiments with synthetic substrates have demonstrated the 
pepsin action to depend largely upon the structure of the substrate 


1 Dyckerhoff and Tewes (4) observed that the splitting of casein and 
gelatin by pepsin is, under certain conditions, more rapid at pH 4 than at 
pH 2. However, Northrop (5) has shown that the pH determinations 
performed by these authors by means of the indicator method were erro- 
neous and that their experiments were actually carried out at about pH 
2.35 and not at pH 4. 
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and to extend deeply into the range which was hitherto regarded 
as being reserved for the papainases. Consequently, it is not 
possible any longer to base the differentiation between pepsin 
and papainases on the assumption that pepsin has a single char- 
acteristic pH optimum. Another consequence is the following. 
If it is desired to investigate whether a given peptide or peptide 
derivative can be hydrolyzed by pepsin, a series of tests at different 
pH values must be performed. The splitting of carbobenzoxy- 
glutamylphenylalanine by pepsin would never have been observed 
if experiments had been performed only at pH 1.8. 

The preference shown by pepsin to peptides containing glutamic 
acid? in addition to tyrosine or phenylalanine may partly explain 
the rapid and extensive hydrolysis by pepsin of proteins such as 
edestin, casein, and egg albumin (6) which contain many aminodi- 
carboxylic acid residues as well as tyrosine and phenylalanine. 
The slow peptic hydrolysis of gelatin (6) corresponds to a very 
low content of aromatic amino acids. Protamines with a very 
high content of basic amino acids are either resistant to pepsin 
or attacked very slowly by the enzyme. This is in accord with 
the fact that no péptide derivative of well established structure 
and containing a basic amino acid as constituent is known to be 
digested by pepsin. Before a final conclusion is reached, however, 
it seems desirable to study a greater number of peptides which 
contain the residues of basic amino acids, and especially those 
peptides that contain the residues of basic amino acids as well 
as of aromatic amino acids. 

Pepsin is not the only proteinase of the gastrointestinal tract 
that is specifically adapted to the hydrolysis of substrates con- 
taining tyrosine or phenylalanine. Chymotrypsin exhibits a 
similar preference towards the residues of these aromatic amino 
acids (7). Nevertheless, both enzymes exhibit distinctly different 
specificities. For example, pepsin hydrolyzes carbobenzoxy- 
glutamyltyrosine between the two amino acid residues, thus 
demonstrating that it is not inhibited by an a-carboxyl in close 
proximity to the peptide bond which is attacked. Chymotrypsin 
does not hydrolyze the previously mentioned substrate; the 
enzyme does, however, hydrolyze carbobenzoxytyrosylglycine- 
amide between the tyrosine and the glycine residues. Carbo- 


*The behavior of peptides containing aspartic acid has not been in- 
vestigated as yet. 
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benzoxytyrosylglycine is not attacked by chymotrypsin. Thus 
chymotrypsin is, in contrast to swine pepsin, highly sensitive 
towards the a-carhoxyl. However, both enzymes are similar in 
that they do not require a basic group within their respective 
substrates. Therefore, the enzymatic hydrolysis of, for example, 
carbobenzoxyglutamyltyrosine by pepsin represents the inter- 
action of an acidic enzyme and an acidic substrate. 

The availability of synthetic substrates for pepsin having only 
one sensitive peptide bond permits a more precise study to be made 
of the kinetics of peptic hydrolysis and the quantitative estimation 
of pepsin in biological fluids. Furthermore, it permits a com- 
parative study of the relative specificities of pepsins of various 
animal species to be undertaken. 


The authors wish to express their thanks to Mr. 8. Nagy who 
performed the analyses reported in this paper. 


EXPERIMENTAL 

Carbobenzory-l-Giutamyl-l-T yrosine*—This compound was pre- 
pared as described in (8). 

The enzymatic hydrolysate by pepsin of 554 mg. of this sub- 
stance was filtered from a small amount of crystalline material 
which had separated during the reaction (15 mg. of tyrosine), 
concentrated to a small volume, and acidified to Congo red. The 
resulting oil was extracted with ethyl acetate. The ethyl acetate 
extract was dried and concentrated. Addition of petroleum 
ether resulted in the crystallization of a material (175 mg.) which 
after recrystallization from ethyl acetate-petroleum ether melted 
at 116°. When mixed with an authentic sample of carbobenzoxy- 
l-glutamic acid, the melting point was 118°. The aqueous layer 
from the ethyl acetate extraction was adjusted to pH 4 and cooled 
strongly. Tyrosine crystals separated out (32 mg.). Calculated 
for tyrosine, 7.7 per cent NH--N; found, 7.9 per cent NH,-N. 


Carbobenzory-l-Glutamyl-l-P henylalanine 


Carbobenzory-l-Glutamyl-l-Phenylalanine Ethyl Ester—To an 
ethyl acetate solution of phenylalanine ethyl ester (prepared 


* The glutamic acid residue in this compound and in the subsequent glu- 
tamyl! peptides is linked to the next amino acid through the a-carboxy] 


group. 
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from 5 gm. of l-phenylalanine) 3.5 gm. of carbobenzoxyglutamic 
acid anhydride were added to a faintly alkaline reaction. The 
reaction mixture was allowed to stand for 3 hours, washed with 
dilute hydrochloric acid and water, and concentrated down. The 
resulting material was recrystallized from hot ethyl acetate. 
Yield, 4.2 gm. M_p., 144°. 


CyuH2sO;N2. Calculated. C 63.1, H 6.1, N 6.1 
456.5 Found. Ls he ee 


Carbobenzory-l-Glutamyl-l-Phenylalanine—1.1 gm. of the above 
ester were shaken with 5 cc. of N NaOH for 15 minutes. On 
acidification to Congo red there separated a syrup which quickly 
crystallized. After recrystallization from ethyl alcohol-water the 
material melted at 162°. Yield, 0.8 gm. 


CxaH»~OWNse. Calculated. C 61.7, H 5.6, N 6.5 
428.4 Found. -—-”6« on” Oe 
laJp = +12.2° (2.4% in n NaOH) 


Carbobenzoxry-l-Glutamyl-d-Phenylalanine 


Carbobenzory-l-Glutamyl-d-Phenylalanine Ethyl  Ester—This 
compound was prepared in the same manner as was the / form. 
M.p., 131°. 


CauHx»O;N:. Calculated. C 63.1, H 6.1, N 6.1 
456.5 Found. = 353 "6.1," 63 


Carbobenzory-l-Glutamyl-d-Phenylalanine—This compound was 
prepared in the same manner as was the / form. M.p., 122°. 


C»H.,O;N;. Calculated. C 61.7, H 5.6, N 6.5 
428.4 Found. "Ge os,” Ga 
la]p = —21.5° (2.4% in n NaOH) 


Carbobenzozry-l-Glutamyl-l-Diiodotyrosine—1.7 gm. of carbo- 
benzoxyglutamyltyrosine were dissolved in 25 cc. of concentrated 
ammonium hydroxide and 8 cc. of N I;:-KI solution were added 
dropwise with shaking. On acidification to Congo red there 
resulted a gelatinous precipitate which was filtered off, washed 
with water, and dried. The pure diiodo compound (1.4 gm.) 
was obtained by crystallization from hot aleohol. M.p., 188°. 


Cy2HsO0sNI,. Calculated. C 37.9, H 3.2, N 4.0, 1 36.5 
696.3 Found. “* 38.0, “* 3.3, “* 3.8, “36.3 

















J. S. Fruton and M. Bergmann 637 


The same substance was also obtained by coupling carbo- 
benzoxyglutamic acid anhydride with diiodotyrosine methy! 
ester and saponifying the resulting ester. 

Carbobenzory-l-Glutamyl-l-T yrosineamide—1 gm. of the cor- 
responding ester (1) was dissolved in 10 ce. of methyl alcohol satu- 
rated with ammonia at 0°. After 2 days at room temperature, 
the solution was evaporated down and the residue dissolved in 
dilute bicarbonate solution. The substance obtained on acidifying 
with dilute hydrochloric acid was recrystallized from dioxane- 
ether. M.p., 181°. 


CaH»O07Ns3. Calculated. Cc 59.6, H 5.7, N 9.5 
143.4 Found. “ms ~ 66. ™ O64 


Carbobenzoxry-l-Glutaminyl-l-T yrosineamide—2.1 gm. of carbo- 
benzoxyglutamyltyrosine ethyl ester were esterified in the usual 
manner with methyl alcohol-saturated with hydrogen chloride. 
The syrupy ester obtained on evaporation was treated with a 
methyl alcohol solution of dry ammonia. The diamide crystal- 
lized out on allowing the reaction mixture to stand at room tem- 
perature. Yield, 1.8 gm. M.p., about 240°. 


CooHasOgN,y. Calculated. C 59.7, H 5.9, N 12.7 
442.5 Found. * 2. - oa” Gee 


Carbobenzory-l-Glutamyl-l-T yrosylglycine 


Carbobenzory-l-Glutamyl-l-Tyrosine Hydrazide—4.7 gm. of the 
corresponding ethyl ester (1) were treated with 1.5 ec. of hydrazine 
hydrate in 5 cc. of absolute alcohol. Slight warming gave a clear 
solution and on standing overnight the hydrazide separated out. 
Yield, 4.5 gm. On recrystallization from absolute alcohol the 
substance melted at 194°. 


a 


CooHoOiN«. Calculated. C 57.6, H 5.7, N 12.2 
458.5 Found. “ FA.” 6s > 119 


Carbobenzory-l-Glutamyl-l-Tyrosylglycine Ethyl Ester—2.3 gm. 
of the above hydrazide were suspended in 25 cc. of ice-cold water, 
dissolved by the addition of 6 ce. of concentrated hydrochloric 
acid, and converted to the azide by the addition of 0.5 gm. of 
sodium nitrite. The azide was extracted with ethyl acetate 
and the extract was washed repeatedly with ice-cold water. The 
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dry azide solution was then added to a dry ether solution of glycine 
ethyl ester (from 5 gm. of the hydrochloride). After 24 hours the 
reaction mixture was washed with dilute hydrochloric acid and 
water. On evaporation of the ether-ethyl acetate layer, 1.7 gm. 
of the expected product were obtained. After recrystallization 
from dioxane-ether the melting point was 193-194°. 


CasHyOeNs. Calculated. C 58.9, H 5.9, N 7.9 
529.5 Found. “ 58.6, “ 5.9, “ 8.0 


Carbobenzory-l-Glutamyl-l-T yrosylglycine—2.5 gm. of the above 
ester were suspended in absolute alcohol and treated with 14 ce. 
of N NaOH. The resulting solution was left at 20° for 1 hour, 
acidified to Congo red with N hydrochloric acid, and concen- 
trated down. The syrup which separated crystallized on standing. 
Yield, 2.0 gm. The material was air-dried for analysis. A 
sample dried in vacuo at 100° for 6 hours over P.O; melted at 182°. 


C2,H,;0O;N;-H,0. Calculated. C 55.5, H 5.6, N 8.1, H,O 3.5 
519.5 Found. ae a oa " oe 


The enzymatic hydrolysate by papain of 250 mg. of this sub- 
stance was concentrated to a small volume and acidified to Congo 
red. The resulting oil was extracted with ethyl acetate. The 
ethyl acetate layer was washed with water and then extracted 
with dilute bicarbonate solution. The bicarbonate extract was 
acidified to give a syrup which crystallized on standing in the ice 
chest. The dry material (86 mg.) melted at 118-120° and gave 
a mixed melting point of 119° with an authentic sample of carbo- 
benzoxy-l-glutamic acid. 


Carbobenzoxy-l-glutamic acid 
CyHyOeN. Calculated. C 55.5, H 5.4, N 5.0 
281.2 Found. a. 2 oe 


Carbobénzoxryglycyl-l-Glutamyl-l-T yrosine 


l-Glutamyl-l-Tyrosine Ethyl Ester—4.7 gm. of carbobenzoxy-l- 
glutamyl-l-tyrosine ethyl ester were hydrogenated in alcohol in 
the usual manner. Yield, 3.2 gm. The substance was recrystal- 
lized from hot alcohol. M.p., 144°. 


CysHagOgN 2. Calculated. Cc 56.7, H 6.6, N 8.3 
338.4 Found. ** 56.4, ** 6.4, * 8.2 
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Carbobenzoryglycyl-l-Glutamyl-l-Tyrosine Diethyl Ester—3.1 gm. 
of glutamyltyrosine ester were esterified twice in the usual manner 
with ethanol-HCl. The syrupy diethyl ester hydrochloride was 
converted to the free ester with potassium carbonate. To the 
ethyl acetate solution of the free ester, 2.3 gm. of carbobenzoxy- 
glycyl chloride were added in two portions with shaking. The 
reaction mixture was then shaken with a dilute bicarbonate solu- 
tion. The ethyl acetate layer was then washed successively with 
water, dilute hydrochloric acid, and water. Crystallization 
occurred when the dried ethyl acetate solution was concentrated 
down. Yield, 4.3 gm. The substance was recrystallized from 
ethyl acetate. M.p., 169°. 

CosHywOsNs. Calculated. C 60.3, H 6.3, N 7.5 
557.6 Found. “a Ga.” ta 


Carbobenzoxyglycyl-l-Glutamyl-l-T yrosine—2.8 gm. of the diethyl 
ester were suspended in 25 cc. of ethanol and with cooling there 
were slowly added 15 cc. of N NaOH‘ After 1 hour, 16 cc. of 
nN HCl were added (Congo red acidity). The material which 
crystallized out on standing was filtered off and air-dried. Yield, 
2.1 gm. A sample dried in vacuo at 100° for 5 hours over P.O, 
melted at 173°. 


CaH270,N;-H,0. Calculated. C 55.5, H 5.6, N 8.1, H,O 3.5 
519.5 Found. “tam, 84," 32.7% Ba 


During the enzymatic hydrolysis of 130 mg. of this substance 
by pepsin a crystalline precipitate separated out. It was filtered 
off and dried (20 mg.). Calculated for tyrosine, 7.7 per cent of 
NH.-N; found, 7.8 per cent of NH,-N. 

Glycyl-l-Glutamyl-l-T yrosine—1 gm. of the carbobenzoxy com- 
pound was hydrogenated in the usual manner. The tripeptide 
crystallized out on evaporation of the filtrate. Yield, 0.6 gm. 


CysH2,0;N,-24H,0O. Calculated. C 46.6, H 6.4, N 10.2, H,O 10.9 
412.3 Found. 7? £5," G64 7 12. * BS 
Carbobenzoxy-l-Glutaminyl-l-P henylalanine 


Carbobenzozry-l-Glutaminyl-l-Phenylalanine Ethyl Ester—2.15 gm. 
of carbobenzoxyglutamylphenylalanine ethyl ester were suspended 
in 35 cc. of dry chloroform. 1.1 gm. of PCl, were added, followed 
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by shaking for 5 minutes at 0° and subsequent removal of the 
HCl by evacuation for 10 minutes. The solution was then added 
with cooling to an ethereal solution.of ammonia. After the solu- 
tion had stood at room temperature for 1 hour, the precipitate 
was filtered off, washed thoroughly with cold water, and dried. 
Yield, 1.5 gm. M.p., 138°. 


CusHa9OgNs. Calculated. C 63.3, H 6.4, N 9.2 
455.5 Found. a” Sl) ee 


Carbobenzoxy-l-Glutaminyl-l-Phenylalanine—1.15 gm. of the 
above ester were dissolved in 60 cc. of alcohol and 2.5 cc. of N 
NaOH were added. The solution was acidified to Congo red 
after standing 1 hour at room temperature. The substance 
crystallized out upon concentration under reduced pressure. 
Yield, 0.9 gm. M.p., 180°. 


Co2H2sO6N;. Calculated. C 61.8, H 5.9, N 9.8 
427.4 Found. See. * €h. © GF 


Carbobenzory-l-Phenylalanyl-l-Glutamic Acid 


Carbobenzozy-l-Phenylalanyl-l-Glutamic Acid Diethyl Ester—3.5 
gm. of carbobenzoxy-l-phenylalany! chloride were added to a dry 
ether solution of glutamic acid diethyl ester (prepared from 6 
gm. of the hydrochloride). The mixture was allowed to stand 
at room temperature for 1 hour and washed with dilute hydro- 
chloric acid, water, and bicarbonate solution. The dried etherea, 
solution was concentrated, yielding a crystalline product. Yield 
3.7 gm. M.p., 115°. 


CosHy207N2. Calculated. G 64.4, H 6.7, N 5.8 
484.5 Found. “4° 67,“ 68 


Carbobenzoxry-l-Phenylalanyl-l-Glutamic Acid—2.4 gm. of the 
above ester were shaken with a mixture of 10 cc. of N NaOH and 
10 cc. of alcohol. After 1 hour the solution was acidified to Congo 
red with Nn hydrochloric acid and concentrated under reduced 
pressure. The resulting crystals were filtered off and washed 
with cold water. Yield, 1.5 gm. M.p., 180°. 


CxzH2O;Ny. Calculated. C 61.7, H 5.6, N 6.5 
428.4 Found. "ac mee GS 
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Carbobenzory-l-Glutamyl-l-Glutamic Acid—This compound was 
prepared as described in (8). 

Carbobenzory-l-Tyrosyl-l-Tyrosine—This compound was pre- 
pared as described in (8). 

l-Glutamyl-l-Tyrosine—This compound was prepared as de- 
scribed in (8). 

Carbobenzory-l-Glutamylglycine—This compound was prepared 
as described in (9). 

Carbobenzoryglycyl-l-T yrosine—This compound was prepared 
as described in (7). 


Enzymatic Studies 


The crystalline: pepsin was prepared according to the directions 
of Philpot (10). Unless otherwise stated, twice crystallized prepa- 
rations were employed. Solutions of the enzyme were made up 
in acetate buffer of pH 4.0. 

The concentration of the synthetic substrates was 0.05 mm 
per cc. in all cases. The solutions were buffered by 0.1 m acetate 
buffers. The temperature in all cases was 40°. The extent of 
hydrolysis was followed by the determination of the amino nitrogen 
liberated in the Van Slyke microvolumetric apparatus. Enzyme 
blanks and controls to test the lability of the substrates in the 
absence of pepsin were performed throughout these investigations. 
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THE SPECIFICITY OF TRYPSIN 
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The isolation of two proteinases in crystalline form from extracts 
of beef pancreas has been described by Kunitz and Northrop (1). 
These enzymes have been named trypsin and chymotrypsin. 
Previous publications (2) from this laboratory have reported the 
finding of a series of synthetic peptide derivatives which were 
readily hydrolyzed by crystalline chymotrypsin. In this com- 
munication a synthetic substrate for crystalline trypsin is de- 
scribed. 

a-Benzoyl-l-arginineamide hydrochloride (I) is hydrolyzed ex- 
tremely rapidly by crystalline trypsin (recrystallized three times) 
to yield benzoyl-l-arginine and ammonia (cf. Table I). This hy- 
drolysis proceeds optimally at about pH 7.8 (Fig. 1). 


NH, HCl 
C=NH 
NH 
CH; 
CH, 


CH, 


C,H;-CO—-NH-CH-CO-—-NH, 


(I) 


Thus far, this compound is the only peptide-like derivative that 
has been found to act as a substrate for crystalline trypsin. Even 
643 
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the closely related a-toluenesulfonyl-l-arginineamide hydrochloride 
is not hydrolyzed. Experiments with a series of acylamino acid 


TABLE | 


Action of Proteinases on Benzoyl-l-Arginineamide 


Hydrol- 


yeis Isolation of products 


Enzyme pH Time 


hrs. (percent 


; 
} 
' 
| 


Trypsin, 0.25 mg. protein N per | 7.8 l 50 | Benzoyl-l-arginine 
ce. 2 ot 
3 80 
20 95 
Chymotrypsin, 0.7 mg. protein | 7.8 | 2 1 
N per ce. 19.5 3 
«43 4 
Papain-HCN* 5.0/2 | 7% 
| 6 | 9% 
| 24 99 
Bromelin-HCN* 5.0 6 45 
24 77 


* The experiments with papain and bromelin were set up exactly as 
described in the experimental part of (3). 
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pH 
Fic. 1. pH dependence of hydrolysis of benzoyl-l-arginineamide by 
crystalline trypsin. Enzyme concentration 0.4 mg. of trypsin N per ce. 


glycine gave negative results. Furthermore, trypsin is unable to 





; 
amides containing histidine, lysine, glutamic acid, tyrosine, and 
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split the substrates of chymotrypsin (benzoyl-l-tyrosylglycine- 
amide) or heterotrypsin (a-hippuryllysineamide) (cf. Table II). 

The differences in chemical specificity exhibited by the three 
pancreatic enzymes trypsin, chymotrypsin, and heterotrypsin 
permit of a determination of their respective activities in crude 
pancreatic extracts. Such a study is at present in progress in this 
laboratory. The availability of the synthetic substrates also 
facilitates the study of the relationship of the pancreatic protein- 
ases to enzymes obtained from other biological sources and named 
“trypsins” because of their optimal action on proteins in an al- 
kaline milieu. 


TaBLe II 


Behavior of Synthetic Substrates in Presence of Trypsin* 


Substrate Time Hydrolysis 
hrs. per cent 
Toluenesulfony]-l-arginineamide 24 —1 
Benzoy]-l-histidineamide 42 3 
Benzoy!]-l-lysineamide 42 2 
Carbobenzoxy-l-isoglutamine 48 3 
Benzoyl-l-tyrosineamide 48 0 
Hippurylamide 48 ] 
Benzoyl-l-tyrosylglycineamide 24 0 
a-Hippuryl]-l-lysineamide 24 4 


* pH 7.8; 0.4 mg. of trypsin N per ce. 


The behavior of benzoylarginineamide when subjected to the 
action of other proteinases is of some interest (cf. Table I). The 
resistance of this compound to chymotrypsin emphasizes the dif- 
ference in chemical specificity of trypsin and chymotrypsin. 
Furthermore, the rapid hydrolysis of this substrate by the intra- 
cellular enzymes papain and bromelin is noteworthy. The use of 
benzoylarginineamide for the study of the activation of papain 
has been described elsewhere (4). 

The closer study of the specificity of crystalline trypsin, with 
suitably substituted peptides of arginine and other amino acids, 
is contemplated. 
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EXPERIMENTAL 
a-Benzoyl-l-Arginineamide Hydrochloride’ 


Benzoyl-l-Arginine—To a solution of 21.2 gm. of arginine mono- 
hydrochloride in 120 cc. of H,O there were added in several por- 
tions 12.8 ec. of benzoyl chloride and a solution of 17.2 gm. of 
sodium carbonate in 170 ce. of water. The reaction mixture was 
stirred vigorously and the temperature kept at about 20°. The 
addition of the reagents required 2} hours, and after another 14 
hours of stirring the reaction mixture was acidified to Congo red 
and the slight precipitate (dibenzoylarginine) filtered off. The 
filtrate was extracted with ether and neutralized to about pH 8 
with ammonia. Upon concentration under diminished pressure, 
crystallization occurred. Yield, 20 gm. The material was re- 
crystallized from hot water. 


CysH,sO3N,. Calculated. C 56.0, H 6.5, N 20.2 
278.3 Found. "toe, ~ 64,° BS 


Benzoyl-l-Arginineamide Hydrochloride—7.6 gm. of the above 
compound were esterified in the usual manner (with cooling) in 
350 cc. of absolute methanol. After the reaction mixture had stood 
in the ice box overnight, the solution was concentrated at 30°. 
The residue was dissolved in a small volume of methanol and the 
syrupy ester precipitated by means of dry ether. This material 
was reesterified and the resulting syrup was dissolved in 70 cc. of 
methanol previously saturated with dry ammonia at 0°. After 
it had stood 2 days at room temperature, the solution was con- 
centrated and the resulting syrup taken up in hot water. The 
material which crystallized on cooling sintered at 120-123°, lost 
water of crystallization at 135-140°, and decomposed above 260°. 
Yield, 3.7 gm. 

CysH20O,N,Cl-H.O. Calculated. C 47.1, H 6.6, N 21.1 
331.8 Found. * 47.0, * 6.6, “* 21.0 


The enzymatic hydrolysate by trypsin of 498 mg. of this com- 
pound was filtered, concentrated to a small volume, and placed 


1 This compound has already been synthesized by Dirr and Spath (5). 
In view of its value as a substrate for trypsin, a fuller description of the 
synthesis is presented. 
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in the ice box. The resulting crystals were collected, washed with 
cold water, dried (288 mg.), and recrystallized from hot water. 


Benzoyl-l-arginine 
CysHysOgN «. Calculated. Cc 56.0, H 6 5. N 20.2 
278.3 Found. “5.7 64. ° es 
During the enzymatic hydrolysis the liberation of ammonia was 
also observed. 


a-Toluenesulfonyl-l-Arginineamide 


a-Toluenesulfonyl-l-Arginine—This compound has already been 
described as an oil by McChesney and Swann (6). It was ob- 
tained in crystalline form by the following procedure. 

21 gm. of arginine monohydrochloride were dissolved in 115 
ec. of 2 N NaOH and stirred with a solution of p-toluenesulfochlo- 
ride in 400 ce. of ether. After about 25 minutes the formation of 
crystals began. 3 hours later the mixture was acidified by addi- 
tion of acetic acid, and the crystals of toluenesulfonylarginine 
were filtered after several hours. Yield, 36 gm. On recrystal- 
lization from hot water, the substance melted at 256-257° (decom- 
position). 

CisH2oO,N,S-3H,O. Calculated. C 40.8, H 6.8, N 14.7, H,O 14.1 
382.3 Found. "Ga, Gna’”6 Ca OU” ee 


a-Toluenesulfonyl-l-Arginineamide Hydrochloride—7 gm. of dry 
toluenesulfonylarginine were treated at 0° with 500 cc. of absolute 
methanol saturated with dry HCl. After 18 hours the methanol 
was evaporated off and the resulting syrup crystallized by means of 
ether. This material was treated with 60 cc. of absolute methanol 
previously saturated with dry ammonia at 0°. After 48 hours, 
the evaporated solution yielded crystals which were transferred 
to the filter by means of ether. Yield, 6.2 gm. 


Cis3H2O;N,SC1-H,0. Calculated. C 40.9, H 6.3, N 18.3, H,O 4.7 
381.8 Found. "“Gs,~ Ga” BA.” 42 


Benzoyl-l-Histidineamide—1 gm. of monobenzoylhistidine 
methyl ester (7) was dissolved in 10 cc. of methanol previously 
saturated with dry ammonia. The amide crystallized on standing 
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at room temperature for 18 hours. After recrystallization from 
methanol the substance melted at 234°. 


CyHyOwN, Calculated. Cc 60.4, H 5.3, N 21.6 
258.2 Found. ** 60.4, * 5.4, “ 21.6 


Benzoyl-l-Lysineamide—This substance was prepared as de- 
scribed in (8). 

a-Hippuryl-l-Lysineamide—This substance was prepared as 
described in (8). 

Carbobenzory-l-I soglutamine—This substance was prepared as 
described in (9). 

Benzoyl-l-Tyrosineamide—This substance was prepared as de- 
scribed in (2). 

Benzoyl-l-Tyrosylglycineamide—This substance was prepared 
as described in (2). 


Enzymatic Studies 


Trypsin, recrystallized three times, and chymotrypsin (prepared 
as described in (1)) were employed. The concentration of the 
synthetic substrates was 0.05 mm per ce. in all cases. The solu- 
tions were buffered at pH 7.8 by means of m/15 phosphate buffers 
and at pH 5 by means of 0.04 m citrate buffers. The temperature 
was 40° in all experiments. The extent of hydrolysis was fol- 
lowed by microtitration of the liberated carboxyl groups according 
to the method of Grassmann and Heyde (10). Enzyme blanks 
and controls to test the lability of the substrates in the absence of 
the enzyme were performed. 
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THE IDENTIFICATION OF EQUOL AS 7-HYDROXY-3- 
(4’-HYDROXYPHENYL) CHROMAN, AND THE 
SYNTHESIS OF RACEMIC EQUOL 
METHYL ETHER 


By EDITH L. ANDERSON ann GUY FREDERIC MARRIAN 


(From the Department of Biochemistry, University of Toronto, 
Toronto, Canada) 


(Received for publication, December 9, 1938) 


Equol, an optically active dihydroxyphenol of the formula 
C,sH,,O;, was first isolated from the urine of pregnant mares by 
Marrian and Haslewood (1). Later Marrian and Beall (2) found 
that it could also be isolated from the urines of non-pregnant 
mares and of stallions, and they showed that on fusion with 
potassium hydroxide it yielded resorcinol, 8-resorcylic acid, p- 
ethylphenol, p-hydroxybenzoic acid, and a phenol (B), not iden- 
tical with equol itself, which had the approximate composition 
CisHy-1603 and which they believed was a trihydroxy compound. 
On the basis of the formation of these decomposition products it 
was suggested that equol must be 7-hydroxy-2-(4'-hydroxypheny]) 
chroman (I), 7-hydroxy-3-(4’-hydroxyphenyl) chroman (II), 
or 6-hydroxy-2-(4’-hydroxybenzyl) coumaran (III). 

More recently the constitution of equol has been investigated 
more fully by Wessely et al. (3). These workers have satisfac- 
torily shown that the phenol (B) isolated by Marrian and Beall 
from the products of the fusion of equol with potassium hydroxide 
is a dihydroxy compound and not a trihydroxy one, and that it is 
not a primary product of decomposition but is an artifact produced 
by ring closure during distillation from the primary product (IV), 
the structure of which was proved by synthesis. Wessely et al., 
therefore, believe that the phenol (B) is 6-hydroxy-2-(4’-hydroxy- 
phenyl)-2-methyl coumaran (V) on the assumption that ring 
closure of (IV) during distillation occurs normally. The identifi- 
cation of the decomposition product (IV) enabled Wessely et al. 
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to narrow down the number of possible structures for equol to 
two, 7-hydroxy-3-(4’-hydroxyphenyl) chroman (II) and 6-hy- 
droxy-2-(4’-hydroxypheny])-2-methyl coumaran (V), and they 
pointed out that if the latter formula were correct then phenol 
(B) would be the racemic form of equol itself. 

Before the paper by Wessely et al. was published, a further 
investigation of the decomposition products of equol was in prog- 
ress in this laboratory, and attempts were being made to syn- 
thesize compounds of the three structures suggested as possibilities 
by Marrian and Beall. It was found that equol methyl ether, 


[alia = —19.5°, on oxidation with cold chromic anhydride 
yielded a compound C)7H,O,, which melted at 120.5-121.5° 
and had [x ]ése1 = —88.7°. It seemed probable that this com- 


pound had been formed by the oxidation of a methylene group to 
a ketone group. On reduction of this compound by the Clem- 
mensen method, a product melting at 112.5-114° was obtained, 
which on analysis corresponds with the formula C,;H,s03; it was 
optically inactive. Since the melting point of equol methyl 
ether (89.5-90.5°) was not depressed by admixture with this prod- 
uct, it was considered probable that it might be the racemic 
form of the former. In order to prove that racemization could 
occur under the conditions of the Clemmensen reduction, the 
ketone C,7H,O, was heated with an acetic acid-hydrochloric acid 
mixture. The product, which melted at 126-126.5°, gave on 
analysis C,7H,.O, and was optically inactive. The same racemic 
product was also obtained by heating the optically active ketone 
in 70 per cent ethanol in the presence of sodium carbonate. 

Before it was known by the present authors that equol could not 
be identical with 7-hydroxy-2-(4’-hydroxyphenyl) chroman (I), 
the dimethyl ether of this compound had been prepared syn- 
thetically by reduction of 7 ,4’-dimethoxyflavylium chloride with 
sodium amalgam. Since the product was found to depress the 
melting point of equol methyl ether, attempts to synthesize the 
dimethyl ether of 7-hydroxy-3-(4’-hydroxypheny]) chroman (II) 
were commenced. 

2-Hydroxy-4-methoxyphenyl-p-methoxybenzy] ketone (VI) was 
prepared by condensing p-methoxyphenylacetonitrile with re- 
sorcinol monomethyl ether according to the method of Baker and 
Robinson (4). By the interaction of (VI) with ethyl formate in 
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the presence of sodium, according to the method of Mahal, Rai, 
and Venkataraman (5), 7 ,4’-dimethoxyisoflavone (VII) was ob- 
tained. Attempts to reduce this isoflavone to the 2,3-dihydro 

1 
(8) O 2 3 oO 
: : Y 
HOF CH—12¢ OH HO/ CH, 
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ts CH, CH; 
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oN CH, \ / CHC OH 
(4) 
II] IV 
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VII VIII 
derivative by means of sodium amalgam were entirely unsuccess- 
ful. Catalytic reduction was therefore resorted to. The iso- 
flavone was completely resistant to hydrogenation in neutral 
ethanolic solution with platinum oxide. When, however, glacial 
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acetic acid was used as the solvent, hydrogenation proceeded 
rapidly; and by stopping the process after the uptake of just over 
1 mole of hydrogen, good yields of a compound melting at 125.5 
126° which on analysis gave C;;HyO, were obtained. It was evi- 
dent that the product was the desired 7 ,4’-dimethoxy-2 ,3-dihy- 
droisoflavone (VIII), since it proved to be stable to oxidation with 
chromic anhydride and could readily be reduced to a compound 
of the formula C,7H,s0; by the Clemmensen method. The syn- 
thetic 7 ,4’-dimethoxy-2 ,3-dihydroisoflavone proved to be iden- 
tical with the racemized oxidation product of equol methyl ether. 
Thus it was shown that equol must be 7-hydroxy-3-(4'-hydroxy- 
phenyl) chroman (II). Confirmation of this conclusion was ob- 
tained when it was found that the Clemmensen reduction product 
of the synthetic dihydroisoflavone was identical with the Clem- 
mensen reduction product of the oxidation product of equol methyl 
ether. By oxidation of the Clemmensen reduction product of 
the synthetic dihydroisoflavone with chromic anhydride, the com- 
pound (VIII) was regenerated. Thus it was clear that the reduc- 
tion had followed a normal course and that therefore the former 
compound was indeed identical with racemic equol methyl ether 
itself. 


EXPERIMENTAL 


Oxidation of Equol Methyl Ether with Chromic Anhydride 
To 620 mg. of equol methyl ether (m.p. 89.5-90.5°; [a . 
—19.5°) dissolved in 20 cc. of 90 per cent acetic acid were added 
620 mg. of chromic anhydride dissolved in 20 cc. of 90 per cent 
acetic acid. The mixture was allowed to stand at room tempera- 
ture for 16 hours. The heavy white precipitate which separated 
after dilution of the oxidation mixture was filtered off and washed 
thoroughly with water. After being boiled with charcoal in 
ethanolic solution and crystallized twice from methanol, a white 
crystalline product, m.p. 120.5-121.5° (sintering at 119°), was 
obtained in a yield of 205 mg. 


C,7H,.O,y. Caleulated. C 71.80, H 5.68 
Found. ‘* 71.78, 71.88, ** 5.67, 5.64 
[aleve = —88.7° (3.4% in chloroform) 
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Reduction of Oxidation Product by Clemmensen’s Method 
200 mg. of the oxidation product of equol methyl! ether were dis- 
solved in a mixture of 10 cc. of glacial acetic acid and 7.5 cc. of 
concentrated hydrochloric acid. 2 gm. of freshly prepared zinc 
amalgam were added and the mixture was then heated on a boil- 
ing water bath under a reflux condenser. After 3 hours, addi- 
tional quantities of 2 gm. of zinc amalgam and 5 cc. each of acetic 
acid and hydrochloric acid were added, and the heating continued 
for a further 3 hours. When the reaction mixture was diluted 
heavily with water, a white flocculent precipitate separated out. 
This was filtered off and, after washing, was dissolved in ether. 
The ethereal solution was then washed repeatedly with water and 
evaporated to dryness. The residue, after treatment with char- 
coal in methanolic solution, was crystallized twice from that sol- 
vent. White crystals, m.p. 112.5-114° (sintering at 110°), were 
obtained in a yield of 59 mg. After admixture with equol methy! 
ether, the melting point was 90-111°. 


C,7HisQ;. Calculated. C 75.55, H 6.66 
Found ** 75.58, 75.32, ‘* 6.76, 6.65 
la}?*,, = 0° (3.14 and 1.92% in chloroform) 


Racemization of Oxidation Product. (a) With Acid—66 mg. of 
the oxidation product were heated at 100° for 6 hours with 10 ce. 
of a mixture of equal parts of glacial acetic and hydrochloric acids. 
The solution was diluted with 5 volumes of water and the precipi- 
tate that formed was filtered off, washed thoroughly with water, 
and crystallized once from aqueous ethanol and once from abso- 
lute methanol. 30 mg. of white crystals, melting at 126-126.5° 
(sintering at 125°), were obtained. After admixture with the 
untreated oxidation product, the melting point of the latter was 
not depressed. 


Cy7H,O,. Calculated. C 71.80, H 5.68 
Found. * 71.68, 72.71, * 238, 3:73 


1926 soy ; 
la)sce, = 0° (1.86% in chloroform) 


(6) With Alkali—75 mg. of the oxidation product were dissolved 
in 40 cc. of 70 per cent ethanol to which were added 100 mg. of 
sodium carbonate. After the mixture was boiled under a reflux 
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condenser for 30 minutes, the ethanol was evaporated under re- 
duced pressure and the residue was thoroughly leached with 
water. The insoluble material, after being crystallized once from 
aqueous ethanol, yielded 62 mg. of white crystals melting at 126.5- 
127.5° (sintering at 125°). 


CyHyO,. Calculated. C 71 80, H 5.68 
Found. ** 71.88, 71.86, ‘* 5.68, 5.66 


lalite. = 0° (2.06% in chloroform) 


2-H ydroxy-4-Methoryphenyl-p-Methorybenzyl Ketone—5.8 ce. 
of p-methoxyphenylacetonitrile and 5.8 cc. of resorcinol mono- 
methyl ether were dissolved in 30 cc. of anhydrous ether. To the 
solution were added 1.5 gm. of freshly fused and powdered zine 
chloride, and a stream of dry hydrogen chloride was then passed 
into the mixture for 2 hours. 

After standing at 0° in a stoppered vessel for 48 hours, the keti- 
mines were precipitated as a light brown gummy mass by the addi- 
tion of 130 ec. of dry ether. This was separated and hydrolyzed 
by boiling for 14 hours with 200 cc. of N hydrochloric acid. The 
ketones were separated from the hydrolysis mixture by extraction 
with ether. In order to remove the unwanted 2-methoxy-4- 
hydroxyphenyl-p-methoxybenzyl ketone which was formed in the 
reaction, the ethereal extract was washed with 1 per cent sodium 
hydroxide before being washed with water and evaporated to dry- 
ness. Crystallization of the residue yielded 1.95 gm. of a white 
product. For analysis, a small sample of this was further puri- 
fied by crystallization twice from absolute methanol. The prod- 
uct melted at 102.5-104°. 


CysHe0,. Calculated. C 70.52, H 5.93 
Found. ** 70.25, 70.04, ‘* 5.95, 5.96 


7 ,4'-Dimethozyisoflavone—aA solution of 1.2 gm. of 2-hydroxy- 
4-methoxyphenyl-p-methoxybenzyl ketone in 37.5 cc. of an- 
hydrous ethyl formate was added to 1.2 gm. of sodium dust cooled 
in a freezing mixture over a period of 50 minutes with continuous 
stirring. After standing for 48 hours in a freezing mixture, ice 
was added and the mixture was extracted with ether. Evapora- 
tion of the ethereal solution yielded a brown oil which was dis- 
solved in a small volume of ethanol. After standing for several 











fo 
ol 
of 
pr 
pr 


th 
Cl 


cr) 


Afi 
Ch 

















IX. L. Anderson and G. F. Marrian 655 


days the solution deposited crystals in a yield of 0.93 gm., which, 
after two recrystallizations from acetone, melted at 158-159°. 


CyHyQ,. Caleulated. C 72.31, H 5.00 
Found. ** 72.38, 72.41, “* 5.00, 5.02 


7 ,4'-Dimethory-2 ,3-Dihydroisoflavone—A solution of 1.0 gm. 
of 7 ,4’-dimethoxyisoflavone in 200 cc. of glacial acetic acid, to 
which were added 40 mg. of platinum oxide, was shaken in an 
atmosphere of hydrogen. After 12 minutes, when 100 cc. of hy- 
drogen had been absorbed (1.25 moles), the shaking was discon- 
tinued and the platinum removed from the solution by filtration. 
Dilution of the filtrate with 1000 ce. of water yielded a white 
crystalline precipitate which was filtered off and washed with 
water. After crystallization once from 95 per cent ethanol and 
once from 50 per cent acetone, a product melting at 122-123.5° 
was obtained in a yield of 0.7 gm. After two further crystalliza- 
tions from absolute methanol, white prisms melting at 125.5 
126° were obtained. 


Cy7H,.0,. Calculated. C 71.80, H 5.68 
Found. ** 71.76, 71.94, “* 5.70, 5.60 


After treatment with chromic anhydride in the manner described 
for the oxidation of equol methyl ether, the original product was 
obtained unchanged. The mixed melting points, after admixture 
of the synthetic product with (a) the optically active oxidation 
product of equol methyl ether, (6) the acid-racemized oxidation 
product, and (c) the alkali-racemized oxidation product, were 
119-125°, 125.5-126°, and 126-127° respectively. 

?-Methory-3-(4'-Methoryphenyl) Chroman—200 mg. of the syn- 
thetic 7 ,4’-dimethoxy-2 ,3-dihydroisoflavone were reduced by the 
Clemmensen method, as described previously. After three 
crystallizations from methanol, 42 mg. of white crystals, m.p. 
112.5-114° (sintering at 111°), were obtained. 


C,;H;s03. Calculated. C 75.55, H 6.66 
Found. ** 75.44, 75.57, ** 6.77, 6.70 


After admixture of the product with the compound obtained by 
Clemmensen reduction of the oxidation product of equol methyl 
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ether, the melting point was unchanged. The mixed melting 
point with equol methyl ether was 89.5-108°. 

Oxidation of 7-Methoxry-3-(4'-Methoryphenyl) Chroman with 
Chromic Anhydride—25 mg. of synthetic 7-methoxy-3-(4’- 
methoxyphenyl) chroman were oxidized with chromic anhydride 
in 90 per cent acetic acid in the manner described for the oxida- 
tion of equol methyl ether. The melting point of the product 
was 126-127.5° (sintering at 125°) and was not depressed by ad- 
mixture with 7 ,4’-dimethoxy-2 ,3-dihydroisoflavone. 


Ci7HyO.. Calculated, C 71.80, H 5.68; found, C 72.11, H 5.69 


The authors wish to express their gratitude to Miss Dorothy 
Skill who carried out the microanalyses reported in this paper. 
They are also grateful to Dr. R. D. H. Heard of the Connaught 
Laboratories who generously supplied them with crude equol. 
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THE DISTRIBUTION OF ELECTROLYTES IN 
MAMMALIAN TISSUES 
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of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, December 9, 1938) 


Although the determination of the inorganic composition of 
tissues dates back to the early nineteenth century, there has been 
renewed interest in this subject in recent years arising out of the 
desire to relate the morphologically separate phases of tissues to 
their chemical composition. The questions at issue are: (1) Can 
tissues be viewed as consisting of separate phases which are both 
morphologically and chemically distinct? (2) What are the 
relative proportions of these phases in tissues? (3) What are the 
compositions of the different phases? The present communica- 
tion is an attempt to contribute evidence which will be of help 
in answering these questions. 

Tissues can be analyzed as a whole, but, unfortunately, with 
the exception of blood, they cannot be separated for direct analysis 
into their individual phases. By inferences drawn from chemical 
analyses (Fenn (7); Eggleton et al. (6); Hastings and Eichelberger 
(12)) and by the direct application of histochemical methods 
(Gersh (9)), the following conclusions have been reached 
regarding living skeletal muscle. Muscle cells (7.e., the intra- 
cellular phase of the tissue) contain a high concentration of 
potassium and phosphate, little if any sodium, and no chloride. 
The remainder, called the extracellular phase, on the other hand, 
approximates a serum ultrafiltrate in composition and contains 
all of the chloride and most of the sodium. Recent work by 
Manery, Danielson, and Hastings (19) indicates that the extra- 


* National Research Council Fellow in the Biological Sciences, at the 
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cellular phase of muscle may more accurately be described as con- 
sisting of extracellular fluid and the connective tissue proteins. 
The observations of Harrison, Darrow, and Yannet (11) suggested 
that all living tissues may be divided into intra- and extracellular 
phases in the same manner as skeletal muscle. This hypothesis 
has been thoroughly discussed by Peters (20). By repeated 
perfusion of cats with a solution in which sulfate was substituted 
for chloride, Amberson et al. (1) demonstrated that, as the plasma 
chloride was reduced, the chloride of all tissues was reduced. In 
the case of muscle and many other tissues, the reduction in tissue 
chloride paralleled the reduction in plasma chloride. However, 
nervous tissues, stomach, and tendon were exceptions. 

From the analyses to be presented in the present paper, we have 
been led to the conclusions (1) that the electrolytes are essentially 
identical in the extracellular fluid of all tissues, (2) that the mass of 
the extracellular phase, containing the extracellular fluid, varies 
from one type of tissue to another, and (3) that tissues have 
varying proportions of at least two types of cells: those which 
contain no sodium or chloride, and those which contain sodium 
and chloride. 

Such a simplified and fragmentary description of the morpho- 
logically complex and functionally diverse tissues studied can 
obviously serve only as a first approximation. Its justification 
rests on the degree to which it provides a fruitful means of ap- 
proach to further work. 


Calculation 


If all of the tissue chloride found by analysis were confined to 
the extracellular phase, as defined above for muscle, and if this 
phase were identical with an ultrafiltrate of serum, then, the 
chloride content of the tissue and of serum being known, the mass 
of the extracellular phase could be calculated. (In such a cal- 
culation the mass occupied by the connective tissue proteins is 
neglected.) If the water content of this phase is subtracted from 
the total tissue water, the quantity of intracellular water may be 
estimated. In the calculation which follows a Gibbs-Donnan 
equilibrium ratio between mammalian serum and its ultrafiltrate 
of 0.95 for diffusible univalent ions is used (Hastings et al. (13)). 
In these calculations, the water content of the extracellular phase 
has been assumed to be 99 per cent. The implications in this 
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assumption will be discussed subsequently. The following cal- 
culations have been applied to analytical data after corrections 
have been made for blood and fat contained in the tissue analyzed. 


All the original data are presented in Tables I, I, and III. 


Taste I 
K, Cl, and H,O of Tissues 


Tissue HO per kilo Cl per kilo 


wet weight tissue HO 

gm. m. eg. 

Rat (5) Gastrocnemius 761 21.2 
Heart 780 31.3 

Brain 782 39.7 

Liver 721 41.7 

Spleen 766 45.1 

Testes 867 72.3 

Kidney 762 62.5 

Lung 797 71.0 

Serum 919 115.0 

Human Uterus (1) 805 59.7 
Rabbit Gastrocnemius (1) 753 19.4 
Ovaries (3) 724 48.9 

Fundic mucosa (1) 791 96.3 

Skin (1) 675 111.0 

Ear cartilage (1) 593 118.4 

Tendon (1) 596 123.5 


K* per kilo 
tissue H:O 
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The figures in parentheses represent the number of animals. 
maximum deviation from the average in the ratio Cl:K for a single tissue 


of the five rats was 5 per cent. 


= @ to 


= 


eo 


The 


* We are indebted to Miss Doris M. Cobb for the potassium analyses on 


rat tissues. 


The method of calculation follows: 


{Cl]s 
[Cle = 095 
(Cl); 
[Clie 


(H,O), — (H:O), = (H,O)- gm. per kilo tissue 


xX 1000 = (H,O), gm. per kilo tissue 


(H,O), — 0.99 = (£) gm. per kilo tissue 
1000 — (£) = (C) gm. per kilo tissue 


1000 
© < (H,0), = (H;O)~ gm. per kilo cells 
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where S, E, C, and T represent serum, extracellular phase, cells, 
and whole tissue respectively; brackets represent milliequivalents 
per kilo of water; and parentheses represent milliequivalents 
or gm. per kilo of tissue (minus its contained blood and fat). 

Corresponding calculations of (Z), (C), and (H:O)c may be 
carried out, on the assumption that the sodium is entirely extra- 
cellular, by starting with the equation, [Na], = 0.95 X [Na]. It 
should be noted that the calculations given above yield minimum 
values of (EZ) and (H:O)c. Manery et al. (19) have previously dis- 
cussed the reasons for believing that the extracellular phase of 
muscle is a form of connective tissue, diluted with ultrafiltrate of 
serum. To the extent that the extracellular phase contains 
connective tissue proteins, the estimated values of (£) and 
(H:O)¢ are too low. Since data are not available which permit 
us to make this correction for the connective tissue proteins in the 
tissues studied, our results will be presented in terms of (2) and 
(H,O)c¢ as defined above. The subsequent discussion will center 
about the calculated values of (2), (C), and (H,O)<. 


Methods 


Nineteen different tissues of eight adult albino rats and thirty- 
one tissues of two adult rabbits were analyzed. The animals were 
prepared by decapitation and bleeding, thus obviating alterations 
in permeability due to an anesthetic. The blood obtained was 
heparinized and, in most cases, both plasma and whole blood 
analyzed for sodium, chloride, potassium, and water. The tissues 
were analyzed for blood, fat, water, chloride, sodium, and, in some 
instances, potassium. Since a general account of the treatment 
of the tissues and the methods used has already been described 
(Manery et al. (19)), only certain additional details will be included 
here. The average difference between duplicate chloride analyses 
was 2.4 per cent (p.e. 2.2 per cent), sodium 3.1 per cent (P.-E. 
2.3 per cent), potassium 2 per cent (p.e. 1.4 per cent), water 
1.2 per cent (P.£. 1.2 per cent). 

Sodium—The method of Butler and Tuthill (5) was used for the 
determination of sodium. Although the quantity of tissue used 
for analysis usually contained approximately 0.1 milliequivalent 
of sodium, it was sometimes necessary to carry out the determina- 
tion on smaller quantities. A series of observations on known 
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solutions demonstrated that as little as 0.04 milliequivalent of 
sodium can be determined within the experimental error of 3 per 
cent. It was found that the use of mechanical stirring for 8 
minutes during the formation of the precipitate was essential to 
achieve this accuracy with small amounts of sodium. 

The presence of potassium leads to high results for sodium when 
the ratio K: Na is greater than 2. A series of determinations was 
carried out in which the sodium present was 0.1 milliequivalent 
and the K:Na ratio was varied from 0 to 10. From these data, 
an empirical correction was applied to our sodium determinations 
of tissues in which the K:Na ratio exceeded 2. Specifically, 
this amounted to the subtraction of 3 per cent from the apparent 
sodium values of liver and spleen, and of 5 per cent from those of 
skeletal muscle. 

Chlorides—Chloride determinations were carried out in 50 cc. 
short, conical, Pyrex centrifuge tubes. Almost complete de- 
colorization with chloride-free potassium permanganate before 
titration and centrifuging just prior to the end-point (Fiske and 
Sokhey (8)) were adopted. The use of excessive amounts of 
oxalic acid to decolorize permanganate must be avoided, since it 
completely masks the titration end-point. An optimum con- 
centration of nitric acid (3 cc. of concentrated HNO, per 10 cc.) 
is also essential for a stable end-point. 

Blood and Fat—In order to make comparisons between tissues 
of such diversity as those studied here, it was necessary to express 
the constituents in terms of blood-free, fat-free tissue. There are, 
however, certain errors in the application of the blood and fat 
corrections which deserve special: mention. The determination 
of blood depends on the comparison of the amount of hemo- 
globin in the tissue with that in the whole blood of the same 
animal. This implies that the concentration of red cells in the 
tissue capillaries is the same as that in the circulating blood. 
Barcroft and Poole (2) reported that the blood of the splenic 
pulp was 50 per cent richer in red cells than the blood from large 
vessels. This degree of enrichment of the splenic blood has been 
assumed in our experiments in correcting for the blood content 
of the spleen. 

The method of extracting neutral fat with ether, as described 
by Hastings and Eichelberger (12), leads to high results for nervous 
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tissues. We have, therefore, applied to brain and nerve the 
value 0.5 per cent found by Bloor (3) for the neutral fat of brain. 
Our values for neutral fat in liver, lung, kidney, heart, and skeletal 
muscle are in essential agreement with those of Bloor et al. (3, 4). 
Since the calculations are not affected by fat corrections of less 
than about 5 per cent, the corrections are negligible in most 
tissues. However, they have been applied routinely for the 
sake of consistency. 


Results 


Chloride versus Potassium—In muscle, the chloride and most of 
the potassium are believed to be confined to separate phases. If 
the composition of the intra- and extracellular phases were con- 
stant from tissue to tissue, but varied only in their relative pro- 
portions, then, in a series of tissues of different composition, a 
reciprocal relation should exist between the intracellular potassium 
and the extracellular chloride, expressed in units per kilo of tissue 
water. Nosuch reciprocal relation is apparent when one compares 
the uncorrected analytical values of chloride and potassium of 
different tissues (Table 1). However, when corrections are 
applied for the chloride and potassium of the blood contained in 
the tissue, and for the potassium present in the extracellular 
fluid, an approximate inverse relation between these tissue con- 
stituents appears (Fig. 1). The points of Fig. 1 were calcu- 
lated from data given in Table I. Fig. 1 indicates that, in a 
general way, tissues with high potassium contain a low chloride 
concentration and vice versa. This may be regarded as support 
for the thesis that chloride is confined to the extracellular phase 
and that potassium is concentrated within cells. However, devia- 
tions from such a simple relation, which are outside the limit of 
experimental error, point to the inadequacy of the hypothesis as 
a complete quantitative description. 

Extracellular Phase—From the data given in Tables II and III, 
the magnitude of the extracellular phase, (Z), of the different 
tissues of the rat and rabbit has been calculated by the method 
described above. These data are presented in Table IV. The 
values shown in the first three columns are based on the assump- 
tion that all of the chloride was extracellular, and in the last two, 
that all of the sodium was extracellular. The tissues are listed in 











666 Electrolytes in Mammalian Tissues 


the order of increasing values of (£) for the rat. The values of 
(£) for most of the corresponding tissues of the rabbit are similar 
in magnitude. Such calculations reveal variations in (£) from 
11 per cent for skeletal muscle to 100 per cent for certain con- 
nective tissues. Those having values for the extracellular phase 
of 35 per cent or less are the skeletal muscles, heart, liver, spleen, 
brain, spinal cord, and ovaries. The gastrointestinal tract, testes, 
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Fic. 1. The K of the intracellular phase in milliequivalents per kilo of 
tissue water is plotted against the tissue Cl, in milliequivalents per kilo of 
tissue water. The values have been calculated from the data of Table I, 
corrections having been made for the Cl and K of the blood contained in the 
respective tissues and for the K of the extracellular phase. 


lung, and kidney yield values of (£) ranging as high as 62 per 
cent for the gastric mucosa. 

Basing the calculation of the extracellular phase on the sodium 
instead of the chloride does not materially alter the magnitude of 
(£) in most tissues; it is significantly larger in the ear cartilage, 
and definitely smaller in the lung and testes, all parts of the stom- 
ach, and in most connective tissues other than cartilage. It is 
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obvious from the data of Table IV that the assumption that 
sodium and chloride are both entirely extracellular in all tissues 1s 
not justifiable. The physiological interpretation of these dis- 
crepancies will be discussed in a later section. 


TaBie IV 


Apparent Extracellular Phase (E) Calculated from Cl and Na (Gm. per 
Kilo of Blood-Free, Fat-Free Tissue) 


Chloride Sodium 


Rats Rabbit | Rabbit | Rabbit | Rabbit 
1 2 l 2 





3 to 8) 

Gastrocnemius 119 117 109 112 108 
Abdominal muscle 143 173 153 193 181 
Diaphragm 233 220 198 
Heart 140 320 306 304 350 
Liver 219 205 238 210 209 
Spleen 276 364 316 268 
Brain 255 332 376 366 400 
Spinal cord 375 324 $43 4103 
Ovaries* 322 341 

Large intestine 316 369 381 
Smal! “ 400 381 378 352 354 
Testes 199 470 178 311 
Lung 123 510 447 430 408 
Kidney 399 569 502 513 190 
Stomacht ie 509 508 386 233 213 
Pyloric mucosa i 535 190 
Fundic wn | 624 234 
Mesentery i568 | 540 737 
Subcutaneous tissue 579 502 475 

Ear cartilage 502 567 1060 1040 
Skin 627 603 552 532 
Tendon 568 683f 595 5521 473 
Perirenal fat 623 1185 


* Average of three to six rabbits. No corrections. 

+ The figures for rats and Rabbit 1 apply to whole stomach; those for 
Rabbit 2 to stomach muscle. 

t Average of thirteen rabbits 


Intracellular Water—The values of (H:O)c, the intracellular 
water, calculated according to the equations given in an earlier 
section are presented in Table V. It is believed that intracellular 
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water values ranging from 70 to 75 per cent may be regarded as 
reasonable values. The skeletal muscles, which include the 
diaphragm, and the abdominal and gastrocnemius muscles of the 
rat and rabbit, have values of (HxO)c¢ which vary only from 725 
to 754 gm. per kilo of cells. The value of (H,O)c for the heart is 
also essentially the same as that found for the skeletal muscles. 
When one considers the values of (H:O)- for other tissues, one 
encounters some palpably unreasonable figures. This is par- 
ticularly true of the connective tissues where negative values for 
(H,O)c were sometimes found. 

Between these two extreme conditions, the muscles, where 
(H,O)e is entirely reasonable, and the connective tissues, where 
calculated values of (H,O)c¢ are quite unreasonable, lie a large 
number of tissues whose calculated intracellular water varies 
between 50 and 70 per cent. 

The criteria used for this calculation seem to be inapplicable 
to connective tissues and therefore invalid for each organ to a 
degree which depends on the amount of connective tissue it 
possesses. We have previously reported the observation that 
muscle fascia contains a high concentration of chloride and have 
concluded that the extracellular phase of muscle should be re- 
garded as closely related to the connective tissue phase (18, 19). 
We are now led to the same conclusion with regard to all the tissues 
which we have studied—namely, that the extracellular phase 
resembles connective tissue mere closely than a serum ultra- 
filtrate and should be considered to include connective tissue pro- 
teins. Applying this consideration to muscle led to the conclusion 
that its extracellular phase contains 22 per cent solids rather than 
1 per cent (19). A similar correction made for the tissues under 
discussion would have the effect of increasing their calculated 
intracellular water concentration. 

Sodium versus Chloride—The extracellular position of sodium 
and chloride in skeletal muscle has received support from the 
observation that the ratio Na:Cl is essentially the same in muscle 
as in a serum ultrafiltrate. By plotting the values for sodium and 
chloride of rabbit tissues, one may show the extent to which the 
Na:Cl ratios conform to that of an ultrafiltrate (Figs. 2 and 3). 
A line has arbitrarily been drawn from the point representing the 
ultrafiltrate to the origin. Many points cluster about this line, 
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showing that an essentially linear relationship exists between their 
sodium and chloride concentration and that the ratio of Na:Cl 
approximates that of an ultrafiltrate. The tissues showing this 
consistency are abdominal muscle, diaphragm, liver, spleen, 
intestine, brain, and kidney. They differ in apparently having a 
greater proportion of extracellular phase (Table \V), the greater 
the distance of the points from the origin. The points close to 
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Fic. 2. The tissue sodium, in milliequivalents per kilo of tissue water, 
is plotted against the tissue Cl, in milliequivalents per kilo of tissue water, 
for Rabbit 1. The values have been calculated from the data of Table II] 
Corrections have been made for the Na and Cl of the blood contained in 


the respective tissues. 


the line represent tissues which possess a phase containing sodium 
and chloride in approximately serum proportions; those removed 
from the line on the left represent tissues containing cells in which 
the intracellular chloride exceeds the intracellular sodium, and 
those on the right, in which intracellular sodium exceeds the 


chloride. 
From these observations, the following tentative conclusions 


may be drawn: 
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1. The tissues whose points lie close to the line consist of (a) 
cells, similar to muscle cells, which are free of and impermeable to 
sodium and chloride, and (b) another phase which contains both 
sodium and chloride in serum ultrafiltrate proportions. This 
latter phase may be similar to connective tissue, and conceivably 
may include cells which contain both sodium and chloride, but 
are permeable only to one. For reasons pointed out by Wu (21), 
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Fic. 3. The tissue sodium, in milliequivalents per kilo of tissue water, 
is plotted against the tissue Cl, in milliequivalents per kilo of tissue water, 
for Rabbit 2. The values have been calculated from the data of Table III 
Corrections have been made for the Na and Cl of the blood contained in 
the respective tissues. 


it is unlikely that mammalian cells will be found to be impermeable 
to proteins and permeable to both cations and anions. 

2. The tissues whose points lie to the left of the line contain, in 
addition to the phases already mentioned, some cells which are 
relatively high in chloride and low in sodium. Such cells might 
resemble red blood cells in their composition and permeability 
properties. 

3. The tissues whose points lie to the right of the line contain, 
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in addition to the phases mentioned in conclusion (1), some cells 
which are relatively high in sodium and low in chloride. 

The tissues whose values deviate from the line will now be dis- 
cussed in greater detail. The blood requires no special explana- 


TABLE V 


Intracellular Water (Gm. per Kilo of Cells) 


Rats | Rat6 | Rat? Rat 8 Rabbit 1 | Rabbit 2 

Testes 765 | 768 775 750 748 723 
Heart 766 757 744 748 738 727 
Abdominal 

muscle 740 741 735 720 740 
Gastrocnemius 738 742 75 729 747 731 
Diaphragm. 734 725 
Spleen 738 | 74i 734 726 693 702 
Brain 720 720 740 703 681 661 
Lung 720 669 735 702 680 
Liver 653 625 651 625 670 633 
Kidney 699 627 612 544 600 
Large intestine 767 669 660 
Small ? is 573 521 733 672 
Stomach* 534 560 445 644 698 
Pyloric mucosa 695 
Fundic 503 
Ovariest 575 
Spinal cord 536 500 
Mesentery 537 537 
Subcutaneous 

tissue 522 601 539 470 
Ear cartilage 323 69 
Perirenal fat 294 Negative Negative 
Muscle fascia 477 220 
Skin 288 349 282 180 1S4 
Tendon Negative Negativet 20 


> 


* The figure for Rabbit 1 applies to whole stomach; that for Rabbit 2 


to stomach muscle. 
+t Average of three to six rabbits. No corrections. 
t Average of thirteen rabbits. 


tion, since the erythrocytes contain and are freely permeable to 
chloride, but are impermeable under normal conditions to sodium, 
and in many species, contain a relatively small amount of it. 
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Stomach was found to contain much more chloride than sodium. 
This is hardly surprising in view of its function of secreting hydro- 
chloric acid. In Rabbit 1 (Fig. 2), the analysis of the entire 
stomach wall exhibits considerable excess chloride over sodium. 
In Rabbit 2 (Fig. 3), the mucosa was separated from the muscle, 
presumably at the submucous layer, and both the fundic and 
pyloric mucosas were analyzed. The fundic mucosa, where the 
parietal cells are concentrated, contains the highest chloride con- 
tent and, therefore, a high extracellular space (Table V). This is 
in conformity with the observations of Linderstrém-Lang and 
Holter (15) that the fundic mucosa is the site of greatest localiza- 
tion of acid. The high chloride concentration in the mucosa is 
no doubt largely due to the presence of chloride in the foveolz of 
the glands and on the surface epithelium, since it has been observed 
there in large amounts (Lison (16) and Gersh (10)). The histo- 
chemical methods of these investigators demonstrated its presence 
only in connective tissue and in the zymogen cells, but not in 
other gland cells. The values for the extracellular phase of 
stomach and its parts calculated from our chloride analyses are 
unreasonably high. Those calculated from the sodium analyses 
are entirely reasonable, however. This does not prove the per- 
meability of cells to chloride, but the formation of the hydro- 
chloric acid of the gastric juice would be difficult to explain if it 
were otherwise. 

It has previously been shown (19) that dense and probably loose 
connective tissues have chemically equivalent amounts of sodium 
and chloride. Hence, tendon and skin would not be expected to 
have the same Na:Cl ratio as that of an ultrafiltrate. The 
reason for the excess chloride in lung and testes is a matter of 
conjecture, but both are known to contain large amounts of con- 
nective tissue. In the testis, the capsule, mediastinum, and 
septula are composed of dense connective tissue, and the inter- 
stitial cells situated between the lobules are regarded as modified 
connective tissue cells. Large amounts of connective tissue pro- 
teins can be observed in the walls of the respiratory bronchioles of 
the lung, and some investigators consider the alveolar walls to be 
of connective tissue origin. 

Cartilage contains a large excess of sodium, a fact which was 
inferred by Logan (17) from the analysis of the bases of cartilage. 
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Iob and Swanson (14) determined sodium directly, and found, as 
we have, that the sodium greatly exceeds the chloride content. 
This sodium is not in solution in the aqueous phase, but is prob- 
ably a part of the organic matrix. 

The fact that chloride and sodium are known to be employed 
in the stomach and cartilage for purposes other than those asso- 
ciated with the maintenance of a constant extracellular environ- 
ment lends added support to the hypothesis that most of the 
sodium and chloride of tissues is in an extracellular phase which 
is in ionic equilibrium with the blood plasma. 

DISCUSSION 

It is pertinent to inquire to what extent the data presented con- 
tribute information which aids in answering the questions raised 
at the beginning of this paper. 

The evidence presented indicates that, for the purposes of an 
approximate description of tissues, at least three chemically differ- 
ent phases are necessary. These phases which likewise have 
morphological significance are: (1) an extracellular phase, (£),, 
which is in ionic (Donnan) equilibrium with blood plasma and 
consists essentially of plasma ultrafiltrate and connective tissue 
proteins; (2) an intracellular phase, (C),, which contains neither 
sodium nor chloride and is exemplified by muscle fibers; and (3) an 
intracellular phase, (C),, which contains chloride and may or may 
not have sodium in equivalent proportions; e.g., blood cells and 
connective tissue cells. The relative proportions of these three 
phases in different tissues of the rabbit cannot, at present, be 
expressed in quantitative terms except in a few instances. 

The connective tissues studied consist almost entirely of the 
extracellular phase, (#),, but have, in addition, a small intra- 
cellular phase (C)e. The presence of the connective tissue pro- 
teins, such as exist in tendon, exerts slight, if any, influence on the 
ionic pattern of the tissue (19). 

The skeletal muscles and the heart can be adequately described 
in terms of the two phases, (Z), and (C);, although they, too, 
probably contain a small amount of the phase, (C),. The extra- 
cellular phase of the skeletal muscle varies from 10 to 20 per cent 


depending upon the amount of connective tissue present. The 
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extracellular phase of the rabbit heart is between 30 and 35 per 
cent. In the rat, it is much lower. 

Other tissues in which the sodium and chloride are present in 
ultrafiltrate proportions are the liver, spleen, intestine, brain, 
lung, and kidney. In view of the complex nature of these tissues, 
it would be unreasonable to interpret this as evidence that they 
are simple mixtures of the phases, (Z), and (C),. It would 
rather be more consistent with the histological composition of these 
tissues to regard the calculated extracellular phase (£), which is 
the total chloride space, as actually representing the sum of the 
extracellular phase (#), plus an intracellular phase, (C)s, con- 
taining Na and Cl in approximately the same proportions as 
(Z£),. It is not possible at this time to estimate the relative 
proportions of (Z), and (C)e. All that one might say is that (C), 
is probably low in liver and high in kidney. 

Examples of tissues which do not contain sodium and chloride 
in ultrafiltrate proportions are the stomach and testes. In these 
tissues, the values of the extracellular phase (2) calculated from 
sodium are reasonable, those calculated from chloride quite 
unreasonable. It seems necessary to assume that these tissues 
contain, in addition to (Z), and (C)s, an intracellular phase con- 
taining an excess of chloride over sodium and may or may not 
contain an intracellular phase (C),. 

CONCLUSIONS 

The data presented show that living mammalian tissues cannot 
be divided into intra- and extracellular phases in the same manner 
as muscle. There are at least two groups: (a) tissues which have 
a large proportion of chloride-free cells, skeletal muscles, liver, 
spleen, heart, brain, and kidney; (b) tissues which have a large 
proportion of chloride-containing cells, blood, connective tissues, 
gastric mucosa, testes, and probably lung. 

These conclusions are based on the following considerations. 

When the extracellular phase of tissues was estimated on the 
assumption that all of the chloride was extracellular, the magni- 
tude of the phase varied from 11 per cent to 35 per cent in the 
tissues of group (a), but it far exceeded this magnitude in the 
tissues of group (0). 

The intracellular water, calculated on the assumption that the 
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extracellular phase is a serum ultrafiltrate, was very low in some 
of the tissues in group (6). This emphasized the fact that con- 
nective tissue proteins should be included in estimating the 
magnitude of the extracellular phase. 

The Na:Cl ratios of the tissues of group (a) are the same as in 
an ultrafiltrate, indicating the extracellular position of sodium and 
chloride in a large portion of the tissue. The tissues in group (6) 
contain chloride in excess of sodium which is interpreted as indi- 
cative of intracellular chloride. 


SUMMARY 


1. A direct relation is found to exist between the chloride and 
sodium, and an inverse relation between the chloride and potas- 
sium of many mammalian tissues, when allowance is made for 
their content of blood and fat. 

2. These observations have been interpreted in terms of the 
relative masses of extra- and intracellular phases of the tissues. 

3. Exceptions to the extracellular position of sodium and 
chloride have been noted and the significance of these exceptions 
discussed. 
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THE DIETARY INDISPENSABILITY OF VALINE* 
By WILLIAM C. ROSE anp SAMUEL H. EPPSTEINt 


(From the Laboratory of Biochemistry, University of Illinois, Urbana) 
(Received for publication, December 22, 1938) 


Biochemical literature records no reliable information concern- 
ing the relation of valine to growth. Since the discovery of this 
amino acid in biological materials (von Garup-Besanez, 1856), 
little has been added to our knowledge of its metabolic significance. 
Doubtless this is to be accounted for, as in the case of several other 
amino acids, by the fact that no procedure exists whereby valine 
may be removed quantitatively from the products of protein hy- 
drolysis. In order to determine its nutritive rdle, one must resort 
to the use of diets in which the nitrogen is supplied in the form of 
mixtures of highly purified amino acids. Such experiments have 
now been consummated. The results demonstrate that valine, 
despite its relative simplicity in structure, cannot be synthesized 
by the organism of the rat. Animals deprived of it experience a 
profound nutritive failure, with rapid decline in weight, loss of 
appetite, and eventual death. Furthermore, they manifest 
strange symptoms which appear to be characteristic of this type of 
dietary inadequacy. The details of the methods employed and 
of the results obtained are outlined below. 


EXPERIMENTAL 


The composition of the amino acid mixture (Mixture XV-b) 
is shown in Table I. As will be observed, alanine, valine, and 


* Aided by grants from the Rockefeller Foundation and the Graduate 
School Research Fund of the University of Illinois. 

The results of this investigation were presented in abstract (Rose, 1937, 
1938). 

+ The experimental data in this paper are taken from a thesis submitted 
by Samuel H. Eppstein in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in Biochemistry in the Graduate School of 
the University of Illinois. 
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threonine were not included. Alanine was omitted inasmuch as 
the mixture was designed for use in another investigation in- 
volving this amino acid. The three missing components were 
introduced directly into the diets in the quantities desired. All 


TABLE I 


Composition of Amino Acid Mizturs 
Mixture X V-b 


Active amino 


etide As used 
gm gm. 
Glycine 3.00 3.00 
Alanine 0 0 
Valine 0 0 
Leucine 9.00 18.00* 
Isoleucine 4.00 8.00* 
Norleucine 1.25 2.50* 
Proline 8.00 8.00 
Hydroxyproline 2.00 2.00 
Phenylalanine 3.90 7.80* 
Glutamic acid 22.00 22.00 
Aspartic ‘“ 4.10 4.10 
Serine. . 1.50 3.00* 
Tyrosine . 6.50 6.50 
Cystine 1.25 1.25 
Histidine ‘ 3.70 
" monohydrochloride monohydrate 5.00 
Arginine 5.25 
“ monohydrochloride 6.35 
Lysine 7.70 
‘* dihydrochloride 11.55 
Tryptophane 2.25 2.25 
Methionine 1.75 3.50* 
Sodium bicarbonate 13.38 
87.15 128.18t 


* Racemic acids. 
t 1.471 gm. of the mixture are equivalent to 1.0 gm. of active amino acids. 


of the amino acids were shown to be analytically pure before being 


incorporated in the food. 
The make-up of the diets is shown in Table II. Each supplied 
18 per cent of active amino acids including glucosamine, and was 
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administered ad libitum. Diet 1 contained 4.0 per cent of dl- 
valine. Undoubtedly, this amount is far in excess of the needs of 
the organism, but at the time the experiments were conducted no 
information was available as to the optimum valine intake. Diet 
2 differed from Diet 1 in that it was devoid of valine. The vita- 
min B factors were furnished to each animal in the form of two 
pills daily, each containing 75 mg. of milk concentrate and 50 mg. 


Tase Il 
Composition of Diets* 


Diet 1 Diet 2 

gm. gm. 
Amino acid Mixture X V-b 20.6 23.5 
Alanine (dl-) 1.0 1.0 
Threonine (d-)f 0.7 0.7 
Glucosamine hydrochloride (d-) 1.0 1.0 
Sodium bicarbonate 0.4 0.4 
Dextrin 20.3 21.4 
Sucrose 15.0 15.0 
Salt mixturet 4.0 4.0 
Agar 2.0 2.0 
Lard 26.0 26.0 
Cod liver oil 5.0 5.0 
Valine (dl-) 4.0 0 

100.0 100.0 


* Each diet contained 18 per cent of active amino acids, including 
glucosamine. The vitamin B factors were supplied in the form of two pills 
daily, each containing 75 mg. of milk concentrate and 50 mg. of tikitiki 
extract. The daily intake of nitrogen from these sources amounted to 
approximately 4 mg. 

t Natural d(—)-threonine (cf. Meyer and Rose (1936)) 

t Osborne and Mendel (1919). 


of tikitiki extract. The daily intake of nitrogen from these sources 
amounted to slightly less than 4 mg., and was the only nitrogen 


of unknown kind in the rations. 

The results of the experiments are summarized in Charts I 
and II. In Table III are recorded the total changes in body 
weight and the total food intakes of the animals. All of the 
members of Litter 1 (Chart I), with the exception of Rat 2457, 
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received the valine-free diet for a period of 28 days. 
time they manifested a profound nutritive failure, 


During this 
with rapid 





CHART I 
RELATION OF VALINE TO GROWTH 
Rat 2457: 4% dl-valine. 


(103) 









Rate 2459-2463: no valine 

for 28 days. 

At arrows 4% dl-valine 

was included in diet. 
Litter 1. 
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Cuart I, The numbers in parentheses denote the initial and final weights 


of the rats. 


decrease in weight and marked loss of appetite. Three animals 


were then transferred to the ration containing valine. 


Growth 
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promptly ensued. Of Litter 2 (Chart II), three members received 
valine and two were deprived of it for the duration of the test. 





CHART ITI 
RELATION OF VALINE TO GROWTH 





Rats 2502-2504: 4% valine 


Rats 2505-2506: no valine (86) 


Litter 2. Va 
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Cuart II. The numbers in parentheses denote the initial and final 
weights of the rats. 





The difference in growth behavior of the animals which received 
the amino acid, as contrasted with those which did not, is quite 
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striking. Similar experiments were conducted upon four addi- 
tional litters, but inasmuch as the results were quite uniform, the 
details are omitted from this report. 

The most striking feature of valine deprivation is the develop- 
ment of peculiar symptoms which are unlike any we have encoun- 
tered in other types of amino acid deficiencies. The rats become 
extremely sensitive to touch, and display a severe lack of coor- 
dination in movement. They walk with a staggering gait. The 
initial stages of this condition are illustrated in Fig. 1. As the 


TaB_e III 


Total Changes in Body Weight and Total Food Intakes o/ 
Experimental Animals 


. Rat No. | | Total | Total food : 
Litter No. andees | Days —- tatabe Supplement 
| gm. gm. 
l | 24570" 28 +41 153 4% di-valine 
| 24590" 28 —19 56 No valine 
| 24600" 28 —21 57 . 
| ww | +2 55 4% dl-valine 
24619 | 28 —20 56 No valine 
2462 9 28 —24 53 _ so 
16 +29 58 4% dl-valine 
| os3¢ | 28 | —24 58 No valine 
| 16 | +26 55 4% dl-valine 
2 2502 9 28 +32 115 - ais 
| 250380" 28 +38 125 “ “ 
2504" 28 +32 123 “s -" 
2505 2 28 —18 49 No valine 
2506." 28 —22 38 “ a 


animal attempts to walk, the left fore leg is raised inordinately, 
and the head is retracted. Frequently, the subjects show a rotary 
motion resembling that of a dog chasing his tail. This may be 
either clockwise or counter-clockwise, and may continue until the 
animals fall to the floor of the cage from sheer exhaustion. As 
would be anticipated, the symptoms are readily cured by the ad- 
ministration of valine without any other therapeutic measure. 
The remarkable effects of the amino acid are dramatically por- 
trayed in Fig. 2 (Rat 2460). The upper photograph was taken 
on the 28th day of the deficiency. At that time, the subject had 
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» lost one-third of its body weight, was too weak to consume [ood 
C and appeared to be at the point of death Valine was adminis 
tered several times in solution hy pipett The next dav 








Pp 
p 
p 
Fic. 1. Rat 2461 showing the initial stages of the incoordu 
movement observed i! inimals deprived of valine 
f 
y 
e 
e Fic. 2. The upper photograph shows Rat 2460 on the 28th day of va 
s deprivation The lower photograph shows the same animal after v alit 
a had been administered for 25 davs 
™ animal showed marked improvement and was able to eat The 
n amino acid was then incorporated in the basal ration The lowe! 


4 photograph was taken 24 days later All symptoms had dis- 
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appeared, the fur coat had become smooth, and the be ly weight 
had increased from 44 gm. to 82 gm 

Whether the unique syndrome following valine deprivation is 
associated with specific lesions of the nervous system has not yet 
been determined. It is our intention to investigate this aspect of 
the problem in the near future. In the meantime, there can be no 


doubt that valine is an indispensable dietary component 


SUMMARY 


By the use of diets devoid of proteins, but containing mixtures 
of highly purified amino acids, valine has been shown to be an 
indispensable component of the food. 

Rats deprived of valine manifest peculiar symptoms which 
appear to be characteristic of this type ol chetary deficiency 
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THE AMINO ACID COMPOSITION OF KERATINS 
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Keratins are defined as insoluble proteins which are extraor- 
dinarily resistant to digestion by the usual proteolytic enzymes. 
The resistance of keratins towards enzymatic digestion seems to 
depend, in part, on their fibrous structure which results from the 
joining together of the peptide chains in a definite manner in 
space. If the organization of a keratin is destroyed by mechanical 
(1, 2) or chemical (3, 4) means, it loses this resistance to enzymatic 
hydrolysis. Histologically and chemically keratins are not always 
homogeneous proteins. Animal hairs such as wool are composed 
of medullary, cortical, and intercellular keratins which differ in 
resistance towards enzymes and in sulfur content. Reduction of 
wool keratin results in a soluble protein which can be fractionated 
by ammonium sulfate into two components (3), while grinding 
wool in a ball mill for prolonged periods of time yields a water- 
soluble fraction containing nitrogen and sulfur (2). Kiihne (1) in 
1877, showed that very finely divided hair is digested by pepsin. 
Routh and Lewis (2) have recently confirmed this observation and 
find furthermore that when powdered wool is extracted with water, 
a soluble nitrogen- and sulfur-containing compound is obtained. 
Recent investigations on the amino acid composition of the 
keratins have indicated that they may be divided into two classes, 
eukeratins and pseudokeratins (5). It was suggested that those 
keratins which are chemically similar to cattle horn (xépas) be 
named eukeratins. Eukeratins are defined as insoluble proteins, 
resistant to enzymatic digestion, which yield histidine, lysine, and 
arginine in the molecular ratios of approximately 1:4:12. Those 
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keratins which do not yield histidine, lysine, and arginine in 
molecular ratios of approximately 1:4:12 have been designated, 
for convenience, as pseudokeratins. The pseudokeratins in general 
do not show the same resistance towards enzymatic digestion as 
do the eukeratins, for from 25 to 60 per cent of the pseudokeratins 
is often dissolved by treatment with pepsin and trypsin.' 

The experiments reported in this paper are a continuation of 
our studies on comparative biochemistry. The keratins from two 
species of Gorgonia, Gorgonia flabellum and Pleraurella dichotoma, 
and one species of sponge, Euspongia, have been reinvestigated, 
while the external covering of the turtle shell, the scutes, and a 
horny excrescence which appears on the bill of the male American 
white pelican (Pelicanus erythrorhynchus) during the mating 
season have been studied for their amino acid composition. 


EXPERIMENTAL 


The procedures given below are those use” in the preparation, 
purification, and analysis of the keratins, although minor varia- 
tions in the methods were often required by the nature of the 
material. 

The tissue was ground fine enough to pass a 20 mesh sieve. 
The fat was removed with hot organic solvents, and the tissue 
was extracted overnight at 37-40° with a large volume of 1:3 HCl. 
After removal of the acid by thorough washing with cold followed 
by warm water, the residue was digested with pepsin and HCl 
for 24 hours. At the conclusion of the peptic digestion, the washed 
residue was digested with trypsin in phosphate buffer at pH 7.8. 
After removal of the buffer, the residue was extracted with hot 
organic solvents and then dried at 110° to constant weight. 

All chemical analyses were carried out two or more times, pref- 
erably on different samples of protein. 

Total nitrogen was estimated by the usual Kjeldahl method 
with Cu and Se as catalysts. Sulfur was estimated both by the 
Parr bomb and the Pregl micromethod. Iodine was determined 
by alkali fusion, fediAfon of the resulting NaI to Iz, and colori- 
metric comparison of the latter in CCl, solution (6). 

The basic amino acids were isolated by the silver precipitation 


1The amino acid composition of the keratins, especially the pseudo- 
keratins, may change somewhat during the course of purification. 
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method (7) and the purity of the resulting flavianates, nitranilates, 
and picrates was checked by analyses and melting points. Cystine 
was determined by two methods: colorimetrically by Miller and 
du Vigneaud’s procedure (8) and gravimetrically by precipitation 
with Cu,O according to Graff et al. (9). Tyrosine was estimated 
by a modification of Folin’s method (cf. (7)). Tryptophane was 
determined by Folin’s method and by both Bates’ (10) and Sul- 
livan’s (11) adaptations of the dimethylaminobenzaldehyde pro- 
cedure. Glycine was determined by a modification of Bergmann 
and Fox’s method (cf. (7)), phenylalanine by the dinitrobenzene 
procedure (7), and diiodotyrosine by Lugg’s method (12). 


Results 


Gorgonin—Valenciennes (13) first pointed out in 1855 that the 
internal skeleton of certain Mediterranean Gorgonia was composed 
of a protein similar to horn and called by him gorgonin. Subse- 
quent investigations by Krukenberg (14), Mendel (15), Mér- 
ner (16), and others (17-20) suggested that these insoluble and 
indigestible proteins are keratins similar to those obtained from 
the ectoderm of the higher animals. Mérner (16) and Henze (18) 
reported the presence of tyrosine, arginine, lysine, leucine, his- 
tidine, phenylalanine, diiodotyrosine, glycine, alanine, aspartic 
acid, and glutamic acid. In one case Primnoa lepodifera, the 
former investigator isolated dibromotyrosine which had appar- 
ently replaced iodogorgoic acid. In spite of the relatively large 
amount of sulfur found in gorgonin, earlier investigators were 
unable to isolate cystine. 

The data found on analysis of the keratin of two species of 
Gorgonia obtained from the Tortugas Islands, Florida, confirm in 
general the previous results of Valenciennes (13), Krukenberg (14), 
Mendel (15), and others (16-20) which are summarized in Table I, 
Columns 2, 4, and 5. The results of the present experiments on 
Gorgonia flabellum and Plexaurella dichotoma are given in Columns 
land 3. Inspection of Table I shows that gorgonin from Gorgonia 
flabellum and Plexaurella dichotoma are quite alike in chemical 
composition, with the exception of iodine and possibly histidine. 
The samples of gorgonin from Gorgonia flabellum contained ap- 
proximately 0.13 per cent of I;, while that from Pleraurella dicho- 
toma yielded 0.58 per cent. The unusually large amount of 
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tyrosine in gorgonin is in marked contrast to spongin which yields 
approximately 1 per cent of this amino acid. ‘Turtle scutes, silk 
fibroin, and pepsin also contain in the neighborhood of 13 per cent 
of tyrosine. Estimations of the amount of tryptophane present 
in gorgonin by Folin’s phenol reagent indicated 5.4 per cent for 
gorgonin from Gorgonia flabellum and 4.6 per cent in gorgonin 
from Plexaurella dichotoma. However, repeated tests for this 
amino acid with dimethylaminobenzaldehyde indicated little or 
no tryptophane. Therefore, in view of the unreliability of the 
phenol reagent in the estimation of tryptophane in complex mate- 
rials, it is tentatively suggested that gorgonin is deficient in this 
substance. 

Block and Vickery (20) in 1931 analyzed undigested Gorgonia 
flabellum and Plexaurella dichotoma and found that Gorgonia 
flabellum yielded histidine, lysine, and arginine in the molecular 
ratios of 1:6:12 and Plezaurella dichotoma contained these amino 
acids in the molecular ratios of 1:8:12. In view of the general 
similarity of these ratios to that assigned to the eukeratins 
(1:4:12), it was tentatively assumed at that time that gorgonin 
may be a eukeratin. Analyses of somewhat more highly purified 
gorgonin preparations by the improved method for the basic 
amino acids yielded comparatively more histidine and lysine but 
less arginine than the earlier analyses and indicate that histidine, 
lysine, and arginine are in the molecular ratios of approximately 
1:4:6 and not 1:4:12. 

It was recognized in 1931 that the amounts of lysine obtained 
from gorgonin were somewhat high and the quantities of arginine 
somewhat low for a eukeratin but the histidine to arginine ratio 
of 1:12 was considered sufficient evidence for calling this protein 
a eukeratin. Since that time, other keratins have been analyzed 
which were characterized by a rather constant lysine to arginine 
ratio of approximately 4:6. These have been called pseudo- 
keratins. The amount of histidine present in the pseudokeratins 
is variable. As a result of the present analyses on digested 
gorgonin, this protein is tentatively classed as a pseudokeratin.' 

Spongin—Sponges belong to the group of aquatic animals 
(Porifera) which are characterized by a porous structure and have 
either a siliceous, calcareous, or horny skeleton. The endoskeleton 
is derived from the dermal layer. The common bath sponge is 














690 Amino Acid Composition of Keratins 


gathered by dredging and the digestible portions are removed by 
allowing the sponges to decay. The resulting fibrous skeleton, 
called spongin, was analyzed for C, H, N, 8, I, and P, by Crooke- 
witt in 1843 (21). The amino acid composition of spongin has 
been investigated by Kossel and Kutscher (22), Abderhalden and 
Strauss (23), and Clancy (24). These results are summarized 
in Table I, Column 7. The samples used for the present analyses 
were obtained from a commercial source. The analytical results 
are summarized in Table I, Column 6. It will be seen that 
amounts of the basic amino acids and glycine are quite similar in 
gorgonin and in spongin but these pseudokeratins differ rather 
markedly in their content of cystine and tyrosine. The amount 
of cystine in spongin is low for a keratin, approximating that 
found in neurokeratin. 

Spongin gave a color equivalent to 6.3 per cent of tryptophane 
with the phenol reagent but when analyzed for tryptophane by 
the dimethylaminobenzaldehyde and the Adamkiewicz methods, 
no trace of color was produced. The small amount of tyrosine 
present in spongin was early noted (28) and is in marked contrast 
to that in gorgonin, which yields about 13 per cent of this amino 
acid. The statement by Stédeler (29) in 1859 that spongin is 
chemically allied to silk is extensively cited. We have, for the 
purposes of comparison, included in Table I some recent amino 
acid analyses of silk fibroin. It will be seen that the amino acid 
composition of spongin and fibroin is quite different. Chemically, 
spongin appears to be related to neurokeratin. 

Scutes (Turtle)—The chemical composition of the protein of 
turtle scutes given in Table I, Column 8, is compiled from data 
obtained on duplicate analyses of three different preparations of 
scutes, the results of which checked closely. The amino acid 
values, taken together with anatomical and physiological informa- 
tion, seem to place tortoise scutes protein among the pseudo- 
keratins. The chief difference between this protein and others 
so classified is in the larger amount of histidine (1.8 per cent) and 
smaller amount of lysine isolated. In contrast to other pseudo- 
keratins (whale baleen, gorgonin, spongin, etc.) which yield over 
3 per cent of lysine, less than 2 per cent was obtained from scutes 
although six experiments with 2.5 to 10.0 gm. of protein each were 
carried out. An unusual difficulty was encountered during the 
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lysine analyses. A considerable amount of a reddish brown, 
sticky precipitate appeared during the precipitation with phospho- 
tungstic acid shortly after the appearance of the white, crystalline 
lysine phosphotungstate. In one experiment part of this material 
was removed from the centrifuge bottle without changing the 
yield of pure lysine picrate. 

From these amino acid analyses, it appears that turtle scutes 
are comparatively rich in histidine and yield lysine and arginine 
in the molecular ratio of 3:6. This latter value is midway between 
the usual lysine to arginine ratios found in eukeratins and pseudo- 
keratins. These results suggest that turtle scute protein is not 
a typical pseudokeratin and may be a mixture of eu- and pseudo- 
keratins or a member of a new class of keratins. 

Pelican Excrescence—The sexually mature, male American white 
pelican produces during the mating season a semilunar, horny 
excrescence on the bill. This “horn’”’ is lost at the end of the mating 
period. On the basis of its morphology, insolubility, and indi- 
gestibility, pelican excrescence is a keratin. In appearance, the 
tissue is similar to horn and nail keratin, but amino acid analyses 
(Column 9 of Table I) show quite definitely that pelican excrescence 
is a pseudo- and not a eukeratin. 


DISCUSSION 


Chemical investigations have indicated that the insoluble, 
enzyme-resistant keratins, almost always of ectodermal origin, 
may be divided into two groups which have been called eukeratins 
and pseudokeratins. Proteins which have been classified as 
eukeratins are human hair (30), chimpanzee hair (31), cow 
hair (31), goat hair (32), camel hair (32), goose feathers (20), hen 
feathers (32), finger nails (33), cattle horn (33), rhinoceros horn 
(32), spiny echidna quills (34), poreupine quills (34), snake skin 
(20, 32), and hen’s egg-shell membrane (35). Proteins which may 
be called pseudokeratins are human skin (25), neurokeratins (5), 
whale baleen (5), horse burrs (5), fish egg casing (36), spongin, 
probably gorgonin, and possibly turtle scutes. 

It is of interest to speculate on the possible relationship of the 
eukeratins and pseudokeratins. Experiments involving fractional 
enzymatic digestion of pseudokeratins (whale baleen, human skin, 
horse burrs, etc.) indicate that eukeratins do not arise from pseudo- 
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keratins by any simple autolytic removal of the more easily 
digestible proteins, but that the formation of eukeratins is the 
result of a true synthetic process. It may be that stimulation 
by the corium of ectodermal cells, which normally produce pseudo- 
keratin, results in the formation of a tissue composed primarily 
of eukeratins. Thus the pseudokeratins may be more closely 
related to the primordial ectoderm. The eukeratins, which are 
characterized especially by the constant ratio of their basic 
amino acids, may have been evolved from the ectoderm for the 
purpose of affording the animal extra protection against the 
environment. 


SUMMARY 


1. Gorgonin, spongin, turtle scutes, and a horny excrescence on 
the bill of the pelican were analyzed for nitrogen, sulfur, iodine, 
histidine, lysine, arginine, tyrosine, tryptophane, phenylalanine, 
and glycine. 

2. These proteins, which may be classified as pseudokeratins, 
are characterized by their insolubility, resistance towards enzy- 
matic digestion, and by their content of lysine and arginine. The 
latter are in the molecular ratio of approximately 4:6. 

3. Specific differences in amino acid composition are also appar- 
ent. Thus gorgonin and turtle scutes contain more than 13 per 
cent of tyrosine, while spongin yields less than 1 per cent of this 
amino acid. More than 8 per cent of cystine was found in the 
former proteins, while spongin and pelican excrescence contain 
approximately 3 and 4 per cent respectively. In contrast to other 
pseudokeratins, turtle scutes yield more histidine and less lysine. 
Tryptophane was not found in either spongin or gorgonin. 

4. The origin and possible interrelationship of the eukeratins 
and pseudokeratins are discussed. 


We wish to thank Dr. C. R. Schroeder and Mr. Lee Crandall 
of the New York Zoological Park, the Bronx, New York, Dr. D. H. 
Tennant of the Tortugas Laboratory, Carnegie Institution of 
Washington, and Dr. F. H. Ward of Rochester, New York, for a 
portion of the materials used in this investigation. 

We are also indebted to Mr. W. Sascheck of the College of 
Physicians and Surgeons, Columbia University, for some of the 
sulfur estimations. 
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Small amounts of titanium are found in plant and animal 
tissues. According to Bertrand and Voronca-Spirt (1) the liver 
in animals and the polishings of cereals contain the most. More 
recently, Vinogradov (2) has estimated the titanium content of 
tissues. According to Mellor (3) it is more abundant in the 
earth’s crust than any of the common metals except iron. Richet, 
Gardner, and Goodbody (4) and Pick (5) have fed animals with 
large amounts of titanium and found it to have little or no toxic- 
ity. There remains, however, the possibility that the titanium 
which is always present in animal tissues, particularly the liver, 
may have a metabolic function, and the following experiments 
were carried out on tissue suspensions to determine whether this 
was the case. 

EXPERIMENTAL 


It was necessary first to obtain a preparation of titanium that 
was soluble in the presence of phosphate buffer, for addition of the 
insoluble TiO; or titanous phosphate to tissue was without effect. 
Titanous sulfate was added to 0.05 m phosphate buffer of pH 
6.7 so that the final concentration was 5.0 mg. per cc. and a 
precipitate of titanous phosphate formed immediately. To this 
2 drops of 30 per cent H,O, were added and after the mixture had 
stood for a few hours at room temperature the precipitate dis- 
solved and a clear light yellow solution was obtained. This was 
then boiled to get rid of the excess H,O, and allowed to stand for 
several days. Any small amount of H,O, that still remained was 
immediately decomposed when added to the tissue by the catalase 
present in it. 0.05 cc. of this solution, containing 6 micrograms 
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of titanium as sodium pertitanate, was used in the following 
experiments. The solution of this salt in phosphate buffer 
is stable at room temperature for several weeks. 

The tissues of the rat were prepared by chopping with scissors, 
grinding with sand after adding 0.05 m phosphate buffer, and 
squeezing through muslin. Varying amounts of the resulting 
suspension were added to the Warburg vessels and buffer added 
so that the final volume was 2.0 cc. When 6 micrograms of 
titanium were added to such suspensions, a marked inhibition 
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Fic. 1. The oxygen uptake of untreated rat liver suspension with and 
without 6 micrograms of titanium as sodium pertitanate at pH 6.7 and 37°. 
Curve 1, control; Curve 2, with titanium. 


of the oxygen uptake occurred (Fig. 1). That this was due 
to the titanium and not to any traces of H,O, that may have been 
added with it was shown by the fact that additions of relatively 
large amounts of H,O, had no effect on the subsequent oxygen 
uptake of the tissue. The inhibition of the oxygen uptake of 
liver was the greatest, the kidney next, and the brain showed 
the least. The liver was therefore used in the following experi- 


ments. 
In order to see whether a specific oxidation was being inhibited 
by the titanium, a liver suspension was made by preparing 3 gm. 
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of liver and centrifuging twice with 50 cc. of water containing 
10 ce. of phosphate buffer of pH 6.7. After the second washing 
the insoluble protein that remained and which was now practically 
free of hemoglobin and oxidizable substrates was suspended in 
10 cc. of buffer of pH 6.7 and 0.4 to 0.6 ec. used in each Warburg 
vessel. The titanium effect on this washed protein is negligible. 
Various substrates were then added to the protein with and 
without titantum. These included amines, amino acids, alcohols, 
aldehydes, hypoxanthine, glucose, lactate, succinate, citrate, 
acetate, choline, and cysteine. Only the oxidation of cysteine 
was inhibited by the presence of titanium. 

It is well known that cysteine is oxidized to cystine and that 
certain metals catalyze this oxidation. It has been assumed that 
the addition of tissue to a solution of cysteine will increase the 
rate of this oxidation because of the iron and copper present in 
the tissue. It was immediately obvious, however, that the 
addition of washed liver suspension did more than this, because 
the extra oxygen uptake caused by the cysteine was much greater 
than could be accounted for by its oxidation to cystine. There 
were two possibilities to account for this. If cystine were formed 
from cysteine in the presence of liver, the cystine might be reduced 
back again by the liver protein. Such a reversible process would 
account for the extra oxygen uptake and the uptake would de- 
pend on the amount of protein present. But this cannot be the 
ease, because added cystine has no effect on the uptake and be- 
cause the uptake is dependent only on the concentration of 
cysteine and is independent within the limits of the protein 
concentration. Furthermore, titanium, carefully freed of excess 
H,02, when added to a solution of cysteine without liver actually 
accelerates the oxidation of the cysteine to cystine. Therefore 
the extra oxygen uptake of cysteine in the presence of liver pro- 
tein is probably caused by a further oxidation of the cysteine it- 
self. As no appreciable deamination occurs, this oxidation 


probably takes place on the sulfur. 

It therefore seems probable that when cysteine is added to the 
liver preparation part of it is oxidized to cystine but no further 
and this oxidation is not inhibited by titanium. Another part 
of the cysteine is oxidized in a different way, taking up more 
oxygen, and this oxidation is inhibited by titanium. At pH 
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6.7 in phosphate buffer the oxidation of cysteine to cystine pro- 
ceeds slowly. In the presence of liver protein the oxidation is 
rapid. It therefore seemed possible to arrange the conditions so 
that only the minimal amount of cysteine went to cystine and 
the amount of oxygen taken up by the rapid oxidation could be 
accurately measured. Such conditions were obtained when 0.4 
to 0.6 cc. of liver protein was mixed with 0.25 mg. of cysteine 
hydrochloride (neutralized), and the results are shown in Fig. 2. 
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Fic. 2. The oxidation of 0.25 mg. of cysteine hydrochloride (neutralized) 
with 0.4 cc. of washed liver protein at pH 6.7 and 37°. Curve 1, the oxy- 
gen uptake of liver and cysteine hydrochloride from which is subtracted the 
uptake of the liver alone; Curve 2, the oxygen uptake of liver, cysteine 
hydrochloride, and 6 micrograms of titanium as sodium pertitanate from 
which is subtracted the uptake of the liver and titanium alone. Horizon- 
tal Line A, theoretical uptake for 3 atoms of oxygen per molecule of cys- 
teine hydrochloride; horizontal Line B, theoretical uptake for the oxidation 
of cysteine hydrochloride to cystine. 


If this amount of cysteine hydrochloride was oxidized to cystine, 
9 c.mm. of oxygen would be taken up. Instead, 54 c.mm. are 
taken up and this means that 3 atoms of oxygen are used per 
molecule of cysteine hydrochloride, which would correspond to 
the production of cysteic acid. No CO, is given off during the 
oxidation. In the presence of 6 micrograms of titanium the 
oxidation to cysteic acid is almost completely inhibited and the 
uptake due to cysteine is only slightly more than the theoretical 
for the formation of cystine. 
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As there is a 6-fold difference in the oxygen uptake of cysteine, 
depending on whether it is oxidized to cystine or cysteic acid, 
it is possible to determine from the final oxygen uptake which 
of the two oxidations predominates under any given set of con- 
ditions. The percentage inhibition by titanium will also be an 
indication, for if much of the cysteine goes to cystine the inhibi- 
tion will be less. This can be shown by varying the relative 
concentrations of liver protein and cysteine (Table 1). If too 
little protein is present to cause the rapid oxidation of cysteine 


Tase I 
Effect of 6 Micrograms of Titanium As Sodium Pertitanate on Oxygen U piake 
of 0.25 Mg. of Cysteine Hydrochloride with Varying Quantities of 
Washed Rat Liver Protein at pH 6.7 and 387° 
The theoretical for the uptake of 3 atoms of oxygen per molecule of 
cysteine hydrochloride is 54 ¢.mm. 


0.2 ce, liver + cysteine 0.4 cc. liver + cysteine 0.8 cc. liver + cysteine 
Time hydrochloride hydrochloride hydrochloride 
Alone Titanium Alone Titanium Alone Titanium 
min. e.mm. Oe ¢e.mm. O2 c.mm. O2 | e.mm, O2 ¢c.mm. Oo e.mm. O: 
10 l 2 San 0 33 y 
20 3 5 > 54 14 
30 12 9 27 4 60 21 
40 19 15 33 8 59 25 
5O 23 16 37 7 61 2 
60 25 18 40 10 62 23 
70 28 23 46 14 61 24 
SO 32 26 50 13 63 24 
90 33 29 52 14 60 24 


to the product with 3 atoms of oxygen, then a fair proportion of 
the cysteine goes to cystine; the final uptake is less than the 
theoretical for 3 atoms and the titanium inhibition is small. 
If the amount of liver protein is increased and the cysteine con- 
centration is kept constant, the rate of oxidation increases but 
the final uptake remains the same and the percentage inhibition 


by titanium remains about maximal. 

The catalyst responsible for the uptake of 3 atoms of oxygen is 
thermolabile. Boiling the liver protein for 5 minutes completely 
abolishes this oxidation and the uptake in the presence of the 
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boiled protein corresponds to the oxidation of cysteine to cystine. 
Titanium slightly increases the rate of this oxidation. Hemo- 
globin alone does not cause the uptake of 3 atoms of oxygen, 
so traces of this pigment which may still be present in the liver 
protein do not enter into the reaction. Cyanide inhibits the 
uptake of 3 atoms of oxygen as well as the oxidation to cystine. 
The inhibition by titanium decreases with increasing pH. At 
pH 6.4 the uptake of the 3 atoms of oxygen is slower than at 
pH 6.7 but the titanium inhibition is the same. 

Because pertitanic acid is an oxidizing agent, it was possible, 
despite the fact that so little was present, that it was donating 
oxygen to the cysteine and the inhibition in the oxygen uptake 
was only apparent. To prove that this was not the case the 
nitroprusside test for —SH groups was carried out. After the 
oxidation of cysteine with and without titanium had proceeded 
for 20 minutes, an aliquot was removed from the vessels and 
tested in the usual way. The nitroprusside test was almost 
negative in the control in which oxidation was rapid but was still 
present in the titanium-inhibited system. The intensity of color 
in this latter was about the same as in the aliquot taken from the 
vessel in which cysteine without liver was being oxidized. This 
test showed even more striking differences in the case of thio- 
glycolic acid described below. 

The evidence thus far indicates that cysteine may be oxidized by 
a thermolabile catalyst in liver, causing the uptake of 3 atoms of 
oxygen with the probable formation of the sulfonic acid. Thio- 
glycolic acid was therefore tried to determine whether the oxida- 
tion of the sulfur atom was a general one. The results are shown 
in Fig. 3. In this case also a rapid oxidation without decarboxy- 
lation occurs in the presence of washed liver protein with the 
uptake of 3 atoms of oxygen per molecule, and it is completely 
inhibited by 6 micrograms of titanium. The uptake is a function 
of the amount of thioglycolic acid added and is independent 
within limits of the amount of protein present. As shown in 
Fig. 3, the titanium inhibition decreases after about 2 hours and 
the decrease is greatest where the greatest amount of thioglycolic 
acid is being oxidized. This shows that the inhibition is re- 
versible. Thioglycolic acid alone in buffer of pH 6.7 is oxidized 
very slowly and titanium has no effect on this oxidation. When 
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the oxidation by liver was complete, samples were removed from 
the control and from the titanium-inhibited system. The 
nitroprusside test showed the complete absence of —SH groups 
in the control and a concentration of —-SH groups in the titanium- 
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Fic. 3. The oxidation of different amounts of thioglycolic acid (neutral- 
ized) with 0.4 cc. of washed liver protein at pH 6.7 and 37°. The curves 
represent the oxygen uptake of the liver and the thioglycolic acid, and the 
liver, thioglycolic acid, and 6 micrograms of titanium, as sodium perti- 
tanate, from which the oxygen uptake of the respective controls has been 
subtracted. Curve 1, liver, 0.5 mg. of thioglycolic acid, and titanium; 
Curve 2, liver, 0.25 mg. of thioglycolic acid, and titanium; Curve 3, liver, 
0.125 mg. of thioglycolic acid, and titanium; Curve 4, liver and 0.5 mg. of 
thioglycolic acid; Curve 5, liver and 0.25 mg. of thioglycolic acid; Curve 6, 
liver and 0.125 mg. of thioglycolic acid. The horizontal lines represent the 
theoretical for the uptake of 3 atoms of oxygen per molecule of thioglycolic 
acid. 


inhibited sample equal to that of the original thioglycolic acid 
added. This shows the complete removal of —SH groups when 
the oxidation was finished. This fact, with the quantitative 
uptake of 3 atoms of oxygen, suggests the formation of the sul- 
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fonic acid. The oxidation of thioglycolic acid resembles that of 
cysteine except that longer boiling is required completely to inhibit 
the oxidation of the former. 

A strong acid is formed during the oxidation of these com- 
pounds, as is shown in the following experiment. The oxidation 
of 0.25 mg. of thioglycolic acid was allowed to proceed in the 
absence of buffer and the pH determined by brom-thymol blue 
when the oxidation was complete. The solution containing the 
oxidized thioglycolic acid was 0.3 pH more acid than the control, 
but in the presence of titanium the pH was the same as in the 
control. 

It is interesting that glutathione is not oxidized with the up- 
take of 3 atoms of oxygen. When it is added to tissue, a small 
extra oxygen uptake occurs which can be accounted for by its 
oxidation to the disulfide compound. This is not inhibited by 
titanium. Ethyl mercaptan is only very slowly oxidized by the 
washed liver preparation and no definite end-points could be 
obtained. In this case, also, titanium inhibits the reaction. 

DISCUSSION 

The oxidation of cysteine to cysteic acid in the animal body has 
been postulated because it is believed to be a precursor of taurine. 
Schmidt and Clark (6) in feeding cysteic acid to dogs found evi- 
dence that it was deaminated but not further attacked. The 
evidence presented here indicates that cysteic acid can be formed 
from cysteine, but under the conditions of our experiments, de- 
amination does not occur. Positive identification of the cysteic 
acid is difficult because of the lack of characteristic reactions for 
sulfonic acids. The oxygen uptake, however, corresponds exactly 
and a compound is formed which is a strong acid and which is 
not readily reduced to give a positive nitroprusside reaction. 
Since titanium is found in the livers of all animals, it is possible 
that it may play a rdle in regulating the oxidation of certain 

SH compounds to sulfonic acids. 


SUMMARY 


1. 6 micrograms of titanium as sodium pertitanate inhibit 
the oxygen uptake of rat tissue suspensions. The liver is in- 
hibited most, the kidney next, and the brain least. 
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2. If cysteine is mixed with washed liver protein at pH 6.7 
in the correct proportions, 3 atoms of oxygen are taken up per 
molecule of cysteine, corresponding to the formation of cysteic 
acid. 

3. This oxidation is catalyzed by a thermolabile catalyst and 
is inhibited completely by the sodium pertitanate. The latter 
has no inhibiting effect on the oxidation of cysteine to cystine, 
which occurs without addition of tissue. 

4. Thioglycolic acid is oxidized by the same protein with the 
uptake of 3 atoms of oxygen per molecule and this oxidation is 
also inhibited by sodium pertitanate. 

5. The nitroprusside test is negative at the end of the oxidation 
of both substances but is still as positive when sodium pertitanate 
is present as in the controls without liver protein 

6. Glutathione is not oxidized in this way by the liver protein 
It is oxidized to the disulfide and this is not inhibited by the 
pertitanate. Ethyl mercaptan is oxidized slowly by the liver 
protein and the pertitanate inhibits the reaction. 
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When bone or similar artificially prepared salts are equilibrated 
with inorganic solutions, the value for p[Ca**]* xk [PO,™]* ob- 
tained at equilibrium increases as the amount of solid is increased 
(1)... The value for p[Ca**]{PO,*]* obtained with a minimum 
amount of solid amounted to 23.1 + 0.3. This corresponds 
essentially to that calculated for normal blood plasma from the 
[Ca**] (as determined by means of the frog heart), the inorganic 
phosphate concentration, and the pH (2). 

Because this value (p 23.1 + 0.3) represents the concentration 
of calcium and phosphate at which precipitation can be initiated 
from salt solutions, it was considered advisable to determine 
whether this was also true for biological solutions. The results 
could be expected to show by direct experiment whether the bone 
salt could be formed spontaneously in biological fluids. This 
paper deals with the results of experiments on the equilibration 
of bone with blood plasma and ascitic fluid. They confirm the 
results obtained on pure solutions and indicate that the blood 
plasma is not supersaturated in respect to the first solid formed 
upon the precipitation of the bone salt. 

Secondarily, the equilibration of blood plasma with large 
amounts of bone powder might be expected to indicate more 
clearly the actual conditions necessary for the solution of the 
bone salt. This is so for the following reasons. The conditions 


1 Ions enclosed in brackets refer to moles per liter of solution. The 
term p[Ca™’}*{PO,"]? represents the common logarithm of the reciprocal 
of the ion product [Ca™}* X [PO,"}*. Therefore, decreases in [Ca™}* X 
[PO,"}? are represented logarithmically by increases in p{Ca‘’}*{PO,"}*. 


705 








706 Solubility of Bone Salt. IV 


necessary for the solution of the solid are not adequately defined 
by the expression [Ca**]}* xX [PO,=]*. The expression serves 
only as a convenient means of comparison with previous work 
in which it was considered valid. In order that a better expres- 
sion may be evolved, accumulation of data concerning the com- 
position of fluids in equilibrium with large amounts of solids of 
differing compositions appears desirable. It is difficult to prepare 
artificial precipitates with carbonate contents as high as that in 
bone under conditions which preclude the probability that 
calcium carbonate will be precipitated as such. For the same 
reason, equilibration with inorganic solutions having the same 
ionic concentration as blood plasma is open to objection. There- 
fore, apart from the possible biological significance of the results, 
equilibration of bone with blood plasma affords conditions which 
are otherwise difficult to reproduce artificially. 

The results show that p[Ca**]* x [PO,™|* increased as the 
amount of bone or glycerol ash of bone? increased. With artificial 
precipitates, the maximum value for p{[Ca**]’ x [PO,=? was 
apparently reached at about 150 mg. of solid per liter. With 
bone, the value continued to increase gradually when the amount 
was increased to such an extent (more than 10 gm. per liter) 
that the organic matter of the bone introduced a disturbing 
factor. The equilibrations with the glycerol ash of bone are 
free from this objection and the concentrations of the ions in 
equilibrium with the largest amounts probably most closely 
approach the concentrations at which bone dissolves. 


EXPERIMENTAL 


To 3 liter quantities of sterile horse serum was added 0.1 per 
cent of thymol and the solution was incubated at 37° until the 
inorganic phosphate had increased to a maximum constant value. 
The pH of the serum was adjusted to its original value with 
sterile NaOH during the course of the incubation. It was found 


? Glycerol ash of bone is bone powder from which the organic matter 
has been removed by heating with glycerol and KOH. The residue is 
subsequently washed free of glycerol and KOH with water. The process 
has been claimed (3) to leave the inorganic portion unchanged. In our 
hands, comparison of the ratio of phosphate to carbon dioxide in the fresh 
bone and residue indicated a loss of 5 to 10 per cent of the carbon dioxide. 
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that the pH and inorganic phosphate of the serum would remain 
essentially constant during the subsequent equilibration if the 
incubation was continued for 2 to 3 weeks.*? Na sHPO, was added 
in two of the experiments (Tables I and II) to decrease the 
pi[Ca**}*[PO,=|* of the serum below 23.5. Human blood serum 
and ascitic fluid were similarly prepared. Sterile flasks of 200 
to 300 cc. capacity were filled with the serum. To these flasks 
were added the amounts of bone powder or glycerol ash recorded 
on Fig. 1 and in Tables I and II. The solutions were stoppered 
and rotated at 37° for 5 days. Any flasks showing evidence of 
bacterial contamination were discarded. Samples of the serum 


- $f 
38 


pica” P (Po<]* 
~ 


24 
6-4 t 
0125 0250 0.500 
Gm. Solita Added per Liter of Solution 
Fic. 1. Ion product in horse serum. © and X represent bone from beef; 
©, bone from old horse; A, glycerol ash of bone from old horse. The points 
plotted after the break in the chart give the ion products when the amount 


of saturating body was large. The figures accompanying the points desig- 
nate the gm. of solid per liter of solution. 





were centrifuged under oil at 3400 r.p.m. for 5 minutes and deter- 
minations of H*, total CO,, Ca, and inorganic phosphate content 
were made without delay. 

The bone powder was cut from bone cortex by means of a 
motor-driven, steel milling head. That portion which passed 
a 100 mesh sieve was washed with water,‘ alcohol, and ether, 


* The Folin-Wu blood sugar reducing value essentially disappears from 
horse serum during thistime. Part of the phospholipid settles out together 
with a small amount of protein. 

* Fetal bone was successively suspended in water and squeezed in a press 
several times to remove, as far as possible, soluble protein material. 
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TaBLeE | 
p|Ca**}*|[PO."|}? Found by Equilibrating Fetal and Adult Beef Bone 
and the Glycerol Ash of Each in Horse Blood Serum 
Composition of the blood serum after equilibration for 5 days. Total 
protein = 5.48 per cent. 





Solid added Total Ca | Inorganic P pH CO: p(Ca** B[PO,4 ™]}2 
mg. per l. mM per l. mM per l. mM per l. 
0 2.10 1.69 7.39 17.1 23.42 
F. l 2.26 1.70 7.38 17.2 23 .36 
A. l 2.0 1.68 7.38 17.4 23.50 
F. 183 1.61 1.47 7.36 17.1 23.95 
= 710 1.66 1.32 6.76 17.2 25.54 
A. 710 1.15 1.08 7.29 16.6 24.83 
F, 2,220 1.56 1.20 6.78 16.8 25.69 
A 2,220 0.80 0.84 7.27 16.7 25.59 
F. 11,100 1.41 1.18 6.74 16.0 25.92 
A. 11,100 0.70 0.84 7.24 | 15.9 25.84 
Ga. of F. 5,550 0.60 0.56 6.76 16.0 27 .66 
2. *' 2 5,550 0.5 0.58 6.74 15.4 26.88 
F. 52,000 2.55 1.15 6.65 15.0 25.31 
* = fetal bone. A. = adult bone. Ga. = glycerol ash. 
TaBLe II 


p[Ca**}*[PO.}? Found by Equilibrating Human Bone and Its Glycerol 
Ash in Human Ascitic Fluid 
Composition of ascitic fluid after equilibration for 5 days. Total pro- 
tein = 0.51 per cent. 


Solid added Total Ca | Inorganic P pH COz p[Ca**}3{ PO, ™}2 
mg. per l. ma per l. mM per |. ma per l. 

0 1.15 1.84 7.38 19.8 23.28 

A. ] 1.21 | 1.8 7.42 19.8 23.19 
Ga. of A. 1 | 1.02 1.84 7.42 19.9 23.42 
A. 150 0.78 1.61 7.35 19.8 24.07 
Ga. of A. 83 | 0.95 1.70 7.38 | 19.6 23 .69 
A. 660 | 0.46 1.37 | 7.28 | 19.8 25.02 
us 2,000 0.32 1.13 | 7.27 | 19.5 25.67 
Ga. of A. 1,000 | 0.57 1.24 Betsy 19.9 24.92 
A. 7,500 0.32 0.86 7.22 19.5 26.02 
ig 22,000 0.65 0.77 7.02 19.1 25.67 
Ga. of A. 13,300 0.35 0.85 7.27 18.3 25 .92 
7.14 18.1 25.11 


A. 44,000 0.79 0.74 


A. = adult bone. Ga. = glycerol ash. 
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and dried at 100°. Glycerol ash of bone was prepared according 
to the procedure of Gabriel (3). 

Calcium was determined by the method of Fiske and Logan 
(4), phosphate by the Fiske and Subbarow procedure (5), and 
CO, by the manometric Van Slyke and Neill procedure (6). 
[Ca**] of blood plasma and ascitic fluid was calculated from the 
total Ca and the protein content as described by McLean and 
Hastings (7). Calculation of the p[Ca**]*/PO,"|? was carried 
out as previously described (1). 


Results 


The results of three equilibrations are shown on Fig. 1, and 
of two others in Tables I and II. 

The increase in p[Ca**]* & [PO,"]? was less with a given in- 
crease in old bone as compared to young bone, but the difference 
is not great, and may not be due entirely to variations in the 
composition of the inorganic portion of the solid phase. For 
instance, the crystals in the bone particles are embedded in solid 
protein. That portion lying in the freshly cut surfaces of the 
particles can undoubtedly come in contact with the solution. 
It has not been determined whether or not compact old bone and 
less densely calcified young bone may differ in respect to the 
proportion of the remaining crystals that can be considered as 
being in contact with the solution. 

During equilibration, part of the organic portion of the bone 
goes into colloidal solution and may materially influence the 
results. After equilibration with 50 gm. of fetal bone per liter, 
the effect is obvious because the total calcium concentration of 
the equilibrated serum was higher than that of the original serum 
(Tables I and II). The differences between the maximum value 
of p[Ca**]* & [PO,=]? found by us and others on bone (2) (p 
25.5 to 26.0) and that found for artificial precipitates (1) (p 
26.5 to 27.5) are probably, at least in part, caused by the inter- 
ference of organic material of the bone. It should be noted that 
the maximum values obtained for the ion product of the glycerol 
ash (Table I) (p 26.88, 27.66) are similar to those found for 
artificial precipitates. 
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SUMMARY 


The calcium and inorganic phosphate concentrations of blood 
serum or ascitic fluid are not decreased in detectable amounts 
in contact with a small amount of bone (1 mg. per liter). As the 
amount of solid is increased, the concentrations of these con- 
stituents are decreased. 
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Following the administration of the parathyroid hormone to 
young dogs, the urinary phosphate excretion increases, the blood 
inorganic phosphate usually decreases, and the plasma calcium 
increases (1-5). The increase of phosphate excretion in the 
urine occurs in advance of the maximum blood calcium increase. 
These experimental findings have been interpreted to indicate 
that the solution of bone is caused by depletion of blood and 
tissue inorganic phosphate resulting from increased excretion by 
the kidneys. 

Histological changes in the bone have been observed very soon 
after administration of the hormone, indicating that stimula- 
tion of cellular activity in the tissue itself caused solution of the 
bone (6). 

Previous experiments which included determinations of the 
blood levels of calcium and inorganic phosphate and also the 
urinary excretion of these substances have been carried out for 
1 (1, 2) and 3 day periods (3-5, 7, 8). The results have clearly 
shown the influence of the hormone on calcium metabolism during 
extended experimental periods but the intimate details of the 
immediate changes have not been so well established. The effects 
of the hormone on the blood concentration of calcium and phos- 
phate have been observed for shorter periods of time (9). 

The hormone has also been administered to nephrectomized 
dogs (10). The results indicate that large doses produce no 
greater increase of blood calcium than that observed as a result 
of nephrectomy alone. The phosphate retention resulting from 
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nephrectomy increased the blood inorganic phosphate 80 per 
cent in 2 to 6 hours. (This increase of blood phosphate is greater 
than we have observed in the terminal stages resulting from the 
administration of fatal doses of the hormone.) As a result of 
the rapid accumulation of phosphate in the blood and tissues 
following nephrectomy, the solution of bone would be difficult 
to demonstrate. The results, therefore, would not appear to be 
conclusive evidence in support of the thesis that the action of the 
hormone is exclusively on the kidney. 

The experiments reported here were designed to answer the 
following questions: (1) are the changes resulting from admin- 
istration of the hormone entirely due to the increased excretion 
of phosphate by the kidneys, or (2) do the chemical changes 
indicate that the hormone also stimulates active solution of bone 
by the bone cells? 

For that purpose, the urinary excretion and blood levels of 
calcium, magnesium, and phosphate were compared and the 
excretion of bases, chloride, and nitrogenous substances was 
examined at 1 hour intervals for 4 hours after administration of 
single, fairly large doses of parathyroid hormone to fasting young 
dogs. (Subsequent observations were made at longer intervals 
of time.) The time interval chosen is much shorter than has 
been previously employed and is near the shortest at which a 
definite response in both blood and urine can be observed. 

The results indicate that the solution of the bone occurs almost 
immediately, because a definite rise of blood calcium oceurs 
during the Ist hour. Increased excretion of phosphate by the 
kidneys is evident during the Ist hour in four of the experiments, 
and was accompanied by a decrease in the plasma inorganic phos- 
phate. The increase of phosphate excretion in the Ist hour was, 
however, not more than twice the hourly fluctuation observed 
in normal fasting animals. That active solution of bone is also 
stimulated seems likely from the fact that the rise of blood cal- 
cium during the Ist hour was twice as great when the plasma 
phosphate decreased very little or not at all. This interpretation 
likewise appears to be favored by the reaction observed after 
12 to 24 hours. At this time, the plasma inorganic phosphate is 
increased owing to retention by the kidneys, yet the blood calcium 
continues to remain above the normal level. 
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EXPERIMENTAL 


Five young dogs were fasted 3 to 5 days. To each of three of 
them, the amount of parathyroid hormone shown on Figs. | 
to 3 was administered subcutaneously. To each of the other 
two, a similar dose was administered intravenously (Figs. 4 to 
5). The dogs were catheterized each hour. The bladder was 
washed out with distilled water. The phosphate was determined 
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Fic. 1. Calcium and inorganic phosphate concentration of the blood and 
excretion in the urine following subcutaneous administration (indicated 
by the arrow) of 6.6 units (vu.s.p. XI) of parathyroid hormone 


of urine was calculated from the volume of undiluted urine 
obtained and the amount of phosphate in the washings. The 
dogs were allowed to rest in a metabolism cage following each 
catheterization. 

Total nitrogen was determined by the Kjeldahl procedure (11), 
inorganic phosphate by the method of Fiske and Subbarow (12), 
and calcium by procedures previously described (13). Total 
base was determined by the procedure of Fiske (14). 
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Results 
The results of the experiments are shown in Figs. 1 to 5. Before 
administration of the parathyroid hormone, the urinary phosphate 


excretion of the fasting young dogs was not constant from hour 
to hour. Analyses of specimens from the same animal on suc- 
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Fia. 2. Calcium and inorganic phosphate concentration of the blood and 
excretion in the urine following subcutaneous administration (indicated 
by the arrow) of 6.7 units of parathyroid hormone. 


cessive days indicated that it was not possible to predict at what 
time the phosphate excretion would be increasing or decreasing. 
Consequently, the parathyroid hormone was administered to 
different dogs when the excretion was falling and when it was 
rising. 

In the Ist hour after the subcutaneous administration of the 
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hormone, the phosphate of the urine of the three dogs (Figs. 
1 to 3) increased 2.3, 2.6, and 1.1 milliequivalents as compared 


with the previous hour. 


The inorganic phosphate of the plasma 
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‘alcium and inorganic phosphate concentration of the blood and 


excretion in the urine following subcutaneous administration (indicated 


by the arro 


w) of 34.0 units of parathyroid hormone 


dropped in this time 0.17, 0.3, and 0.7 milliequivalent per liter 


respectively. 


tion of a large amount of the hormone (34 units! per kilo, Fig. 5), 


In the Ist hour after the intravenous administra- 


1 The unit is defined by the United States Pharmacopeia XI. 
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similar changes occurred. With a smaller dose intravenously 
(8.3 units' per kilo, Fig. 4), increase of phosphate excretion and 
decrease of plasma inorganic phosphate did not occur until the 
2nd hour. 

The plasma calcium increased 0.3 milliequivalent per liter or 
more in all experiments during the Ist hour. Dog 4, in which 
no decrease of plasma phosphate occurred during the Ist hour, 
and Dog 1, in which the decrease was slight (0.17 milliequivalent 
per liter), showed the largest increase of plasma calcium (0.6 
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Fic. 4. Calcium and inorganic phosphate concentration of the blood and te 
excretion in the urine following intravenous administration (indicated 
by the arrow) of 8.3 units of parathyroid hormone. 

Fia. 5. Calcium and inorganic phosphate concentration of the blood and J 
excretion in the urine following intravenous administration (indicated . 


by the arrow) of 34.0 units of parathyroid hormone. ne 
te 
and 1 milliequivalent respectively). Urine calcium increased D 
during the Ist hour in two experiments. Definite increases (3 
fo 


occurred later in all experiments. 
The changes observed in the 2nd to the 4th hour indicated ex 


an extension of the changes observed in the Ist hour; namely, D 
the phosphate and calcium excretion continued to increase, the sli 
plasma phosphate now decreased in all experiments, and the cr 
plasma calcium continued to increase. The increase of plasma for 
phosphate, which occurred 18 to 24 hours after administration an 
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of the hormone, is apparently due to retention by the kidneys, 
because, at that time, the excretion of nitrogen was decreased. 
In the case of Dog 3, the nitrogen excretion after 18 hours de- 
creased to less than 10 per cent of the level which prevailed before 
the administration. 

Relation of Phosphate to Nitrogen Excretion—It appears evident 
that the increased excretion of phosphate in the urine was not 
accompanied by an increase of nitrogen excretion such as occurs 
with increased catabolism of soft tissues. In Table I are given 
the 24 hour urinary excretions of phosphate and nitrogen by 
Dog 2. These results coincide with similar observations pre- 
viously made during 3 day metabolism periods (5). 


TABLE | 
Nitrogen and Phosphate Excretion after Parathyroid 
Hormone Administration 


Day of fast Urine total N Inorganic P Ratio N:P 
mg. mg. 
3rd 4820 374 12.9 
4th 4584 492 9.3 
5th* 4399 1080 4.1 
6th 2212 255 8.6 
7th 5250 438 12.0 


*6.7 units of parathyroid hormone per kilo were administered subcu- 
taneously at the beginning of the 5th day of the fast. 


The results of comparison of the N:P ratio of the urine for 
shorter periods are of less certain value. This is because the 
normal hourly phosphate excretion is variable, and because re- 
tention of nitrogen evidently occurred after 12 to 24 hours. 
Dog 3, which received the largest dose of hormone subcutaneously 
(34 units per kilo), showed no increase of urinary N excretion 
for 5 hours after administration, during which time the phosphate 
excretion had increased from 2.3 to 6.4 milliequivalents per hour. 
During the next 16 hours, the average nitrogen excretion was 
slightly lower, while the average phosphate excretion had in- 
creased to 9.8 milliequivalents per hour. Analysis of the urine 
for the succeeding hours indicated a retention of both nitrogen 
and phosphate. The nitrogen excretion of Dog 1 increased for 
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5 hours after administration of the hormone and then decreased 
to about half the level of the first period, while the phosphate 
excretion continued for 19 hours at a level well above the average 
hourly excretion expected from a dog of its size. 

Results Not Given in Detail—Excretion of creatine and creati- 
nine, magnesium, and ammonia, and the pH were determined but 
are not given in detail because they showed no unexpected 
changes. It was considered possible that increased phosphate 
excretion might involve creatine or creatinine. Jhe hourly 
excretions of creatine and creatinine, as well as the hourly volumes 
of urine, were essentially constant until nitrogen excretion be- 
came markedly decreased. Following the administration of the 
parathyroid hormone, excretion of magnesium in the urine in- 
creased (Dogs 1, 2, and 3) as did also ammonia excretion (Dog 
3). The pH of the urine dropped from 6.8 to 5.8 (Dog 3). Until 
marked decrease of nitrogen excretion occurred, these changes 
approximately paralleled the total base increase. The changes 
are such as would be expected to accompany the increased anion 
(phosphate) excretion. The increase in volume of the urine, 
together with the increase of base and chloride excretion and the 
decrease in nitrogen excretion which eventually occurred after 
a large dose of the hormone, is apparently due to kidney damage. 


SUMMARY 


The urinary phosphate excretion increases and the plasma 
inorganic phosphate usually decreases during the Ist hour after 
the administration of the parathyroid hormone. The results are 
interpreted to indicate that active excretion of phosphate by the 
kidney is one of the first effects of excess of the hormone. Be- 
cause the blood calcium increased in the same time, whether or 
not the phosphate decreased, it is reasonable to suppose that active 
solution of bone also took place in the Ist hour. 
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THE INFLUENCE OF COCAINE FEEDING ON THE 
LIVER LIPIDS OF THE WHITE MOUSE* 
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The prominent rdle attributed to the liver in fat metabolism 
has led to the study of many substances which produce fatty 
infiltration in this organ (see Best and associates (1)). Ehrlich 
(2) described an extensive fatty change in the livers of cocaine-fed 
mice. An experiment was devised to determine the amount and 
nature of these lipid changes. 


Methods 


Three groups of albino mice were placed on low, medium, and 
high daily dosages of cocaine hydrochloride solution administered 
per os by means of a blunt needle and a tuberculin syringe. The 
doses beginning at 0.2, 0.4, and 0.6 mg. in 0.02 cc. per day were 
gradually increased to 1.2, 2.4, and 4.8 mg., respectively, at the 
end of 60 days. The total doses given were approximately 20 mg., 
40 mg., and 70 mg., respectively. The final body weights ranged 
from 110 to 140 gm. 

The mice were killed by a blow on the head and the livers 
removed immediately. A small portion of each liver was re- 
served for fat staining by the usual method (Sudan IV). 

The size of the livers (ca. 1 gm.) did not permit a direct deter- 
mination of moisture content. Therefore, the samples to be 
analyzed were ground with a known weight of sand, according to 
the technique of Bloor (3), and extracted three times with hot 
aleohol-ether (3:1). The moisture content was calculated from 


* This work was supported in part by a grant from the Carnegie Cor- 
poration of New York. 
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the weights of the dry, fat-free residue (minus sand) plus the 
total lipid. The lipid analyses were made by standard pro- 
cedures (4, 5). 

Results 


Histological—The vacuolar degeneration after cocaine feeding 
described by Ehrlich (2) and others (6) was observed in every liver. 
A variable increase in cell size (up to 2 or 3 times normal) was 
noted in the livers of all treated animals. The fatty infiltration 
(estimated histologically) was inconstant and apparently due to 
individual susceptibility and not to the size of the dose. For 
example, of the seven mice receiving the medium dosage, three 
showed “slight,” one showed “moderate,” and three showed 
“extensive” fatty change. Since more than half of the cocaine-fed 
animals showed a fatty change, the presence of fat hardly seemed 
accidental (which was Ehrlich’s finding). 

Chemical—Only a minority of the mice showed large changes in 
their liver lipids; these data are emphasized in Table I by bold- 
faced type. These animals were grouped and described as show- 
ing extensive liver damage in Table II. 

Mg. of Liver per Gm. of Mouse—The treated animals averaged 
21 to 24 per cent larger livers than the normals (Table I). 
Therefore, the enlargement, first noted by Ehrlich, is probably an 
indication of a general toxic reaction. 

Phospholipid—The average phospholipid values, in contrast 
to those of the other lipids, showed a striking constancy, the value 
for the group showing extensive fatty change being substantially 
the same as that for the controls; viz., 12.6 and 12.4 gm. per 100 
gm.,' respectively. The constancy of the phospholipid content 
does not support the idea of Theis (7) that in liver injury phos- 
pholipid is diminished because of a failure to convert neutral 
fat to phospholipid. The constancy fits in with the observations 
of Terroine (8) and Terroine and Belin (9) who relate the élément 
constant to the phospholipid content (compare (10-13)). 


1 Since certain samples showed an enormous infiltration of neutral fat 
and cholesterol, in contrast to a marked constancy in the phospholipid 
content, it was considered advisable to calculate the data, with the excep- 
tion of the moisture content, on the basis of the fat-free, dry weight. The 
values, expressed as gm. per 100 gm., therefore, refer to the gm. of lipid 
per 100 gm. of fat-free, dry tissue. 
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Mouse | Liver liver 
weight weight per gm. 
mouse 
gm gm 
19.63, 1.280 65 
27.14, 1.475) 54. 
17.50, 0.846 48 
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25.32; 1.420) 75 
25.82; 1.293) 50 
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19.80, 1.300) 65 
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17.17) 1.232) 71 
22.92 1.506 65 
| 18.02 454) 80 
| 22.47) 1.438) 64. 
14.60) 0.717; 49. 
23.00; 1.612) 70. 
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19.84, 1.354, 68. 
23.06 1.654) 71 
24.48) 2.754) 112. 
21.42) 1.507; 70. 
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20.18; 1.836 91. 
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* E. = extensive damage; M. 


N. = normal. 


t Since certain samples contain an unusually large amount of fatty 
material, the data, with the exception of the moisture content, are calcu- 
lated on the basis of the fat-free, dry weight of the tissue, and are expressed 
Such values may exceed 100. 





as gm. of lipid per 100 gm. of fat-free tissue. 


t Pregnant. 


§ The results of animals showing extensive damage are given in bold- 


faced type. 
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77.9 | 4.3 | 12.2/ 2.32 | 18.8 
76.1} 4 12 1.71 | 18.5 
75.3 | 4.8) 14 2.09 | 21.0 
73.8| 4.4/ 11 1.76 | 17.6 
76.6 | 1.8 | 12.6 | 2.00 | 16.4 
74.3 | 3.1 13.1 | 1.79 | 18.0 
75.8) 3.6) 11 1.84 | 17.0 
73.7 | 5.5 | 11.7 | 2.07 | 19.3 
76.9 | 26.6§ 13.3 | 6.20 | 46.1 
74.4| 4.1] 11.3] 1.85] 17.3 
76.3| 5 14.3 | 2.40 | 22.2 
77.1 7 10.9 | 3.13 | 21.7 
75.7| 4.1] 13.6 | 2.35 | 20.1 
69.2 | 81.0 | 10.4 | 3.88 | 95.3 
76.5 | 3.6 | 10.9| 1.82] 16.3 
80.6 | 12.1 | 14.9 | 6.08 | 32.1 
76.7 | 5.1) 11.7 | 2.15 | 19.0 
77.1| 4.9 15.0 | 2.08 | 22.0 
74.1 | 88.6 | 12.2 6.67 102.4 
75.6 | 4.3 13.0 | 2.47 | 19.8 
77.6 | 17.6 | 11.8 | 3.76 | 33.1 
80.7 | 8.38) 11.9 4.60 | 24.7 
78.9 | 16. 13.7 | 4.75 | 36.2 
75.5 | 4.4/ 11.8 / 1.85 | 18.1 
75.8|\ 5 12.2 | 2.64 | 20.1 
74.8| 4 13.3 | 2.58 | 20.0 
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Neutral Fat and Cholesterol—The neutral fat and cholesterol 
fractions increased greatly with increasing degree of liver injury. 
However, in extensive injury the increase of neutral fat (778 per 
cent) far exceeded that of cholesterol (148 per cent). The results 
indicate an extensive mobilization of both these lipids from the 
depots, as well as the possibility of a decrease in their metabolism 
by the liver. The decrease in the phospholipid to cholesterol 
ratio (Table I1) accompanying increased liver damage (and hence 
probably decreased liver function) is of interest in view of the find- 
ings of Bloor (14) that the phospholipid to cholesterol ratio of 
muscles decreases with decreasing activity. The concurrent de- 
crease in the ratio of phospholipid to neutral fat (Table II) is 
of especial interest, since it clearly shows that a reversal of the 
ratio (from normal) may result from a change in the neutral fat 
content only. 

Total Lipid—The changes in the total lipid paralleled those of 
the neutral fat (15). The extraordinary degree of fatty infiltra- 
tion which may occur was illustrated best in the data for Mice 1 
and 22, for which the total lipid values were 95.3 and 102.4 gm. 
per 100 gm., respectively. 

SUMMARY 


1. Examination of the livers of mice fed various dosage levels 
of cocaine showed (a) a vacuolar degeneration in every case and 
(b) an extensive fatty infiltration in nearly half the cases. 

2. Neutral fat and cholesterol increased greatly with the in- 
creasing degree of liver injury. In contrast, the phospholipid 
values showed a striking constancy. 

3. The constant proportion of phospholipid to non-lipid con- 
stituents, despite an enormous infiltration of neutral fat and cho- 
lesterol, emphasizes the importance of this substance as a true 
cellular constituent. 
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The finding that the a-alanyl peptides of /-histidine in contrast 
to carnosine, the f-alanyl peptide, possessed no appreciable ‘de- 
pressor activity has demonstrated the importance of the position 
of the amino group in the alanyl moiety of carnosine for produc- 
tion of its pharmacodynamic effect (1). Furthermore, the lack 
of appreciable effect of the next higher and lower homologues of 
carnosine, y-aminobutyryl-l-histidine and glycyl-l-histidine (2), 
on the blood pressure emphasized that the important factor with 
respect to the amino group is its presence in the 8 position rather 
than its attachment to the terminal carbon atom of the acyl 
radical of carnosine. 

In order to ascertain whether other f-aminoacyl peptides of 
l-histidine possessed a carnosine-like action we have now prepared 
the peptides of the optical isomers of 8-amino-n-butyric acid and 
8-aminoisobutyric acid with /-histidine. The /-8-amino-n-butyryl- 
l-histidine and its diastereoisomer were chosen because they would 
enable us to test whether the 8-amino group must be attached to a 
primary carbon atom. Furthermore, we felt we could conclude 
that other straight chain $-aminoacyl derivatives of histidine 
would very likely be ineffective if both of these peptides should 
prove inactive with regard to depressor effect. On the other hand 
the /-8-aminoisobutyryl-l-histidine and its diastereoisomer were 
of much interest, since they still retained the amino group 8 to 
the peptide bond and attached to a primary carbon atom as in 
carnosine, but have 1 of the hydrogens on the a-carbon atom re- 
placed by a methyl group. Testing these peptides would enable 
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us to determine whether the presence of 2 hydrogens on the 
a-carbon atom in carnosine is requisite for its depressor action. 
The following formulas show the structural relation of these 
peptides to carnosine. 


H O COOH H O COOH 
| 
H—C—CH;—C—NH—CH CH,—C—CH,—_C—NH—CH 
NH, CH; H NH, CH, H 
C—N C—N 
I] , || 
CH | CH 
V4 | V4 
I Zi I d 
C—N C—N 
| 
H H 
8-Alanyl-l-histidine 8-Amino-n-butyry]-l-histidine 


(carnosine) 


H CH, O COOH 


| 


) ae ® C C—NH—CH 


NH, H CH, 4H 
C—N 
| 
| CH 
C—N 
H 


8-Aminoisobutyry]-l-histidine 


For the synthesis of d-8-amino-n-butyryl-l-histidine and 
l-8-amino-n-butyryl-l-histidine, dl-8-amino-n-butyric acid was 
prepared by amination of crotonic acid according to the directions 
of Fischer and Scheibler (3). The highly insoluble carbobenzoxy 
derivative was employed for the isolation of the amino acid from 
the reaction mixture and was used directly for resolution. This 
was accomplished by use of both d- and /-a-phenylethylamine, as 
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described by Ingersoll for the resolution of various other com- 
pounds (4). This method was considerably more convenient 
and gave much greater yields than the method previously re- 
ported by Fischer and Scheibler in which the methyl ester was 
resolved with d-camphorsulfonic acid. The optically active 
peptides were prepared through the acid chlorides by procedures 
quite analogous to those employed for the synthesis of glycyl- 
l-histidine (2), although the acid chlorides proved to be more 
stable than the corresponding glycyl derivative. Both of the 
free peptides were isolated in crystalline form. 

For the 8-aminoisobutyryl peptides, dl-8-aminoisobutyric acid 
was prepared from a-bromopropionic acid. The latter was 
converted to a-cyanopropionic acid by treatment with NaCN 
and the resulting nitrile was reduced to give dl-8-aminoisobutyric 
acid. Again the carbobenzoxy derivative proved very useful 
for isolation of the amino acid from the reaction mixture. Reso- 
lution was accomplished by means of d- and l-a-phenylethylamine. 
The peptides which were obtained in the free form in crystalline 
condition were prepared by the same general lines of synthesis 
employed for the d(—)-alanyl-l(—)-histidine. 

Blood pressure experiments with these peptides were carried 
out on cats under amytal anesthesia. In 20 times the dose of 
l-carnosine there was no appreciable effect observed from the 
injection of the peptides in question. 

From the results of the present investigation and those pre- 
viously reported by us, the following facts concerning the rela- 
tion of structure to the depressor activity of carnosine have been 
established. 

The compound must possess the correct spatial configuration, 
since d-carnosine in contrast to /-carnosine is inactive (5). The 
amino group of the acyl moiety of carnosine must be in the 8 
position. This was evidenced by the fact that both d-a-alanyl- 
l-histidine and l-a-alanyl-l-histidine possessed no depressor action 
whatever. Furthermore, the amino group must be attached to a 
primary carbon atom and the hydrogen atoms attached to the 
a-carbon atom of the acyl moiety cannot be substituted by an 
alkyl group. These last two points have been demonstrated 
in the present report by the study of the 8-amino-n-butyryl and 
the 8-aminoisobutyry! derivatives of /-histidine. 
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EXPERIMENTAL 


Preparation of Carbobenzory-dl-8-Amino-n-Butyric Acid—f- 
Amino-n-butyric acid was prepared according to the directions 
of Fischer and Scheibler (3) by the addition of ammonia to 
crotonic acid. After the ammonia had been removed from the 
reaction mixture, the solution was made just acid to Congo red 
with HCl and decolorized with norit. The nearly colorless 
solution was then made alkaline to phenolphthalein with NaOH 
and converted into the readily crystallizable carbobenzoxy deriva- 
tive in the usual manner. The compound melted at 126°. 
The recrystallized, air-dried material gave the following analytical 
values. 


CyHisNO.y Calculated, N 5.90; found, N 5.74 


Resolution of Carbobenzory-dl-8-Amino-n-Butyric Acid—47.4 
gm. of carbobenzoxy-dl-8-amino-n-butyric acid were dissolved 
in 600 cc. of hot ethyl acetate and 24.2 gm. of /-a-phenylethyl- 
amine were added. The solution was cooled for 24 hours with 
occasional stirring. The salt which crystallized from solution 
was removed by filtration and washed with cold ethyl acetate. 
It melted at 100°. Three recrystallizations from ethyl acetate 
raised the melting point to 114°. The yield of the l-a-phenyl- 
ethylamine salt of carbobenzoxy-d-§-amino-n-butyric acid was 
18 gm. The compound had the following analytical values. 


CooHaeN204. Calculated, N 7.82; found, N 7.69 


10 gm. of the salt were dissolved in 75 cc. of water and the 
solution was made acid to Congo red by the addition of HCl. 
The easily crystallized carbobenzoxy-d-§-amino-n-butyric acid 
was removed by filtration and washed with water. 5.8 gm. of 
material which melted at 110° were obtained. On analysis the 
compound gave the following values. 


CyHyNO,y. Calculated, N 5.90; found, N 5.81 


The carbobenzoxy group was removed by catalytic reduction 
and d-8-amino-n-butyric acid was obtained in good yield. The 
free acid had a specific rotation of [a]% = +34°. This value is 


1 All melting points given in this paper are corrected. 
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in agreement with the value obtained by Fischer and Scheibler 
(3), [a]? = +35°. 

The combined ethyl acetate mother liquors from the crystal- 
lization of the J-a-phenylethylamine salt of carbobenzoxy-d-f- 
amino-n-butyric acid were concentrated to dryness and the 
residue was dissolved in 500 cc. of water. The solution was 
acidified and 33 gm. of partially active carbobenzoxy-!-$-amino- 
n-butyric acid were obtained. This partially active material 
was then treated with d-a-phenylethylamine salt, just as the 
racemic mixture had been treated before with l-a-phenylethyl- 
amine. The d-a-phenylethylamine salt of carbobenzoxy-l-§-am- 
ino-n-butyric acid was obtained. After two recrystallizations from 
ethyl acetate, it melted at 114°. The following analytical values 
were obtained. 

CooHasN2O4. Calculated, N 7.82; found, N 7.76 

Carbobenzoxy-l-8-amino-n-butyric acid was prepared from 
the salt in the same manner as the corresponding isomer. The 
compound melted at 110°, and gave the following analytical 
values. 


CiyHisNO,y. Calculated, N 5.90; found, N 6.05 


l-a-Amino-n-butyric acid could be obtained from the carboben- 
zoxy derivative by catalytic reduction. The free amino acid 


had a rotation of [a]2° = —34.5° for a 1 per cent aqueous solution. 
Fischer and Scheibler report a rotation of [a] = —35° for this 
compound. 


Preparation of Carbobenzory-d-8-A mino-n-Butyryl-l-H istidine 
and Carbobenzory-l-8-A mino-n-Butyryl-l-H istidine—Coupling — of 
the carbobenzoxy derivatives of d- and /-8-amino-n-butyric acid 
chlorides with histidine methyl ester was carried out according to 
the directions given for the preparation of carbobenzoxyglycyl- 
l-histidine (2). The carbobenzoxy acid chlorides of d- and L-£- 
amino-n-butyric acid were stable for several hours at room tem- 
perature, in contrast to the corresponding derivative of glycine. 

8.5 gm. of carbobenzoxy-d-8-amino-n-butyryl-l-histidine were 
obtained from 16 gm. of histidine methyl ester. The compound 
possessed a rotation of [a]? = +28° for a 1 per cent aqueous 
solution. The melting point was 204°. For analysis the com- 
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pound was recrystallized once from alcohol and dried at 100° 
in vacuo. 


CisH22.N,Os. Calculated, N 14.97; found, N 14.69 


The corresponding diastereoisomer, carbobenzoxy-l-8-amino- 
n-butyryl-l-histidine, was prepared by the same method. The 
compound crystallized readily from water or alcohol. The 
melting point was 207° and a 1 per cent water solution had a 
specific rotation of [a]” = +17°. After recrystallization, the 
material was dried in vacuo at 100° for analysis. 


CisHe2N.O;s. Calculated, N 14.97; found, N 15.09 


Preparation of d-8-Amino-n-Butyryl-l-Histidine—For the prep- 
aration of the free peptide, 4 gm. of carbobenzoxy-d-8-amino- 
n-butyryl-l-histidine were dissolved in 20 cc. of water, containing 
2 equivalents of H.SO,, and reduced with hydrogen in the presence 
of palladium black. The catalyst was removed by filtration and 
the SO; was then precipitated with Ba(OH), and filtered. The 
filtrate was concentrated to dryness in vacuo and the residue was 
dissolved in the minimum amount of water. 5 volumes of al- 
cohol were added to precipitate the peptide, which crystallized 
readily. The amount of d-8-amino-n-butyryl-l-histidine obtained 
was 2.1 gm. The peptide melted at 260° and had a specific 
rotation of [a] = +21° for a 1 per cent aqueous solution. It 
possessed the following analytical values. 


CyoHisN,O3. Calculated, C 49.99, H 6.71; found, C 49.82, H 6.58 


Preparation of 1-8-Amino-n-Butyryl-l-H istidine—l-8-Amino-n- 
butyryl-l-histidine was obtained from the carbobenzoxy peptide in 
the same manner as its diastereoisomer. The compound pos- 
sessed a melting point of 260° and a 1 per cent solution in water 
had a specific rotation of [a]? = +8.4°. The following analytical 
data were obtained. 


C,oHisN.O3. Calculated, C 49.99, H 6.71; found, C 50.05, H 6.70 


Preparation of Optically Active Forms of Carbobenzory-dl-f- 
Aminoisobutyric Acid—50 gm. of a-bromopropionic acid were 
dissolved in 100 cc. of water and 1 equivalent of NasCO; was 
added. 16 gm. of NaCN dissolved in 200 cc. of water were 
added to this solution. The mixture was heated at 60° for 1 
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hour and was then reduced with hydrogen in the presence of 
Raney’s nickel catalyst. After the reduction was complete, 
the catalyst was removed by filtration and the filtrate was treated 
with carbobenzoxy chloride. The carbobenzoxy-dl-8-aminoiso- 
butyric acid melted at 76°. For analysis, the compound was 
recrystallized once from alcohol by the addition of water and was 
dried at room temperature in vacuo. 


Cy.H,sNO,. Calculated, N 5.90; found, N 6.07 


For the resolution of carbobenzoxy-dl-8-aminoisobutyric acid, 
the salt of l-a-phenylethylamine was utilized as in the previously 
described resolution of carbobenzoxy-dl-8-amino-n-butyric acid. 
The salt of carbobenzoxy-d-8-aminoisobutyric acid was the less 
soluble of the two salts formed and crystallized out of solution 
when the mixture was cooled. It melted at 91°. After three 
recrystallizations, the pure compound which was obtained melted 
at 98°. 27 gm. of the salt were obtained from 47.4 gm. of the 
carbobenzoxy-dl-8-aminoisobutyric acid. The compound gave 
the following analytical data. 


CyoHasN,0,. Calculated, N 7.82; found, N 8.16 


Free carbobenzoxy-d-8-aminoisobutyric acid was obtained from 
the La-phenylethylamine salt in the same manner as described 
for the preparation of carbobenzoxy-d-8-amino-n-butyric acid. 
It melted at 88° and a 5 per cent solution in glacial acetic acid 
had a specific rotation of [a]” = —6°. On analysis the following 
values were obtained. 


CyHisNO,. Calculated, N 5.90; found, N 6.00 


Carbobenzoxy-l-8-aminoisobutyric acid was isolated by means 
of the d-a-phenylethylamine salt, as previously described for 
the isolation of carbobenzoxy-l-8-amino-n-butyric acid. The 
salt melted at 98°, and possessed the following percentage com- 
position. 

CyoH2sN2O,4. Calculated, N 7.82; found, N 8.01 


Carbobenzoxy-l-8-aminoisobutyric acid melted at 88° and a 
5 per cent solution in acetic acid had a rotation of [a]? = +6°. 
Analysis of the compound gave the following data. 


CyszHisN.Os. Calculated, N 5.90; found, N 5.94 
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Preparation of d-8-Aminoisobutyryl-l-Histidine——The conver- 
sion of carbobenzoxy-d-8-aminoisobutyric acid to the carbo- 
benzoxy peptide by condensation with histidine methyl ester 
was carried out as previously described for the condensation of 
carbobenzoxyalanine with histidine methyl ester (1). Neither 
the carbobenzoxy acid chloride nor the carbobenzoxy peptide 
could be obtained in crystalline form. Reduction was, therefore, 
carried out directly on the oily carbobenzoxy peptide. d-s- 
Aminoisobutyryl-l-histidine was isolated from the reduction 
mixture as the copper salt. From 16 gm. of histidine methyl 
ester dihydrochloride, 2.1 gm. of the copper salt of the peptide 
were obtained. The salt melted at 230°. The air-dried material 
was rose-colored but, after the compound had been dried at 100° 
in vacuo, the color changed to a deep blue. The free peptide 
was obtained from the copper salt, as previously described for 
the preparation of d(—)-alanyl-l(—)-histidine (1). d-8-Amino- 
isobutyryl-l-histidine was somewhat soluble in aqueous alcohol 
and repeated concentrations of the mother liquor were necessary 
to obtain the crystalline peptide. It melted at 135° and had a 
specific rotation of [a]** = +18° for a 1 per cent aqueous solution. 
The air-dried material contained 2 molecules of water of crystal- 
lization. This compound and the blue-colored copper derivative 
possessed the following analytical values. 


CieHisN,O;:2H,0. Calculated. C 43.48, H 7.30 


Found. ** 43.24, ** 7.27 
CioHisN,O3-CuO. Calculated. “ 37.55, “ 5.04 
Found. os +; eet 


Preparation of |-8-Aminoisobutyryl-l-Histidine—The oily acid 
chloride of carbobenzoxy-l-8-aminoisobutyric acid was condensed 
with histidine methyl ester by the method utilized for the prep- 
aration of carbobenzoxyalanyl-l-histidine (1). Carbobenzoxy- 
l-8-aminoisobutyryl-l-histidine, like its diastereoisomer, could 
not be isolated in crystalline form. After reduction of the carbo- 
benzoxy peptide, /-8-aminoisobutyryl-l-histidine was isolated as 
its copper salt, which melted at 205°. The free peptide melted at 
240° and a 1 per cent water solution possessed a specific rotation 
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of [a]? = +2°. JI-8-Aminoisobutyryl-l-histidine and its copper 
salt gave the following analytical values. 


CioHisN,O;-CuO. Calculated. C 37.55, H 5.04 
Found. ** 37.54, ** §.13 
CyoH,sN.O;. Calculated, N 23.33; found, N 23.19 


SUMMARY 


d-8-Amino-n-butyryl-l-histidine and its diastereoisomer have 
been synthesized by condensation of the acid chlorides of the 
carbobenzoxy derivatives of d- and /-8-amino-n-butyric acid with 
histidine methyl ester. The free peptides were both isolated in 
crystalline form. Crystalline d-8-aminoisobutyryl-l-histidine and 
l-8-aminoisobutyryl-l-histidine were also prepared. 

The peptides were tested for their effect on the blood pressure 
of cats under amytal anesthesia. Not one possessed any depres- 
sor activity in 20 times the effective dose of /-carnosine. 

Conclusions from this and previous studies with regard to the 
relationship of structure to the depressor action of carnosine 
have been discussed. 
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Iodine metabolism is known to be significant in the maintenance 
of normal body function and is involved in certain pathological 
conditions. The rdéle of the blood iodine in iodine metabolism 
can be understood only through a knowledge of the type or types 
of compounds present. In this study an attempt has been made 
to determine the nature of the blood iodine by means of comparing 
it with inorganic iodides, simple organic iodine compounds (thy- 
roxine and diiodotyrosine), and iodine-containing protein. Com- 
parisons have been made with regard to solubility, ultrafiltra- 
bility, and precipitation with protein precipitants. 

Both human and animal bloods have been used in this study. 
The human blood samples and those from dogs were obtained by 
venipuncture, and extreme precautions were taken against the 
possibility of iodine contamination from the needle, syringe, anti- 
coagulant, or the glassware used. The various blood samples 
were not obtained during the fasting state, but care was exercised 
to eliminate all persons who used iodized salt or who had eaten 
foods reported to be high in iodine content. In no case was a 
sample taken if iodine in any form had been used by the individual 
during the preceding 2 weeks. Animal bloods were obtained at 
the abbatoir directly from the animal at the time of decapitation. 
The animals used had received a diet of grain, hay, and water and 
were known not to have received iodized salt for at least 10 days 
before the blood was taken. 

A series of analyses of whole blood and plasma showed a dis- 


* Material given in this paper is taken from a thesis presented to the 
Faculty of Cornell University in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy. 
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tribution of the total iodine in proportion to the water content 
of the plasma and cells. Although it is recognized that a qualita- 
tive difference may exist between the plasma and cell iodine, there 
has been no evidence that such is the case. Whole blood and 
plasma have been used interchangeably according to the ease of 
manipulation. Iodine analyses were carried out according to the 
method of Trevorrow and Fashena (1, 2). 


EXPERIMENTAL 


Ethyl Alcohol Extraction of Blood with and without Addition of 
Iodine Compounds—Ethy| alcohol was used to extract the blood 
iodine, as shown in Table I. The blood was precipitated with 
4 volumes of purified 95 per cent ethyl alcohol and the precipitate 
so obtained washed three times with 1 volume of alcohol. These 
four portions of alcohol were combined for analysis. The precipi- 
tate was then transferred quantitatively to a Soxhlet apparatus 
and extracted for 4 hours with fresh alcohol according to the 
method of Lunde, Closs, and Pederson (3). This alcohol was 
analyzed separately. The extraction was then continued for 
24 hours and a third alcohol fraction so obtained. The blood 
protein residue was then analyzed for alcohol-insoluble iodine. 

As can be seen in Table I, the iodine of blood is completely 
extracted by this procedure, 30 to 50 per cent being removed in 
the first fraction, 30 to 45 per cent in the 4 hour continuous extrac- 
tion, and the remainder in the next 24 hours. The recoveries in 
these experiments ranged from 90 to 108 per cent and the protein 
residue in no case contained detectable amounts of iodine. Dodds 
and coworkers (4) have reported a long continued extraction of 
blood with hot alcohol and state that some of the blood iodine 
remains in the insoluble protein fraction. We believe these 
results to be in error as a result of an inadequate method of iodine 
analysis. 

In similar extraction experiments in which potassium iodide, 
thyroxine, and finely minced thyroid gland were added to the 
blood, it was found that both the iodide and thyroxine were 
removed slowly by alcohol but that the thyroid iodine remained 
insoluble. It would appear, therefore, that the iodine of blood 
is not in protein combination similar to that found in the thyroid 
gland. In the last two experiments cited in Table I, blood con- 
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taining 2.8 micrograms of iodine and a similar sample of the same 
blood to which 26.0 micrograms of thyroid iodine had been added 
were extracted simultaneously under entirely comparable condi- 
tions. The iodine removed in the three alcoholic fractions was 
identical in amount in the two cases (within the limits of error 
of the method). 

Acetone Extraction of Blood with and without Addition of Iodine 
Compounds—Acetone was next used for the extraction of the 


TaBie |! 
Extraction of Blood Iodine with C;H;OH 


ey 
£48) Lin C:H,OH 
mS c from Soxhlet Is in 
ass extraction residue ’ 
Material used Is 23 a after Recov 
present ~~ a . ery 
oss extrac - 
< ge First | Next | “2 
—_=- 4hrs. | 24 hrs. 
. micro- | micro- | micro- | micro- 
MACrOgramMs “| crams | grams | grams | grams |? cons 
50 cc. dog blood 2.5 1.4); 0.8 | 0.5 | <0.1/} 108 
50 “* human blood 2.8 1.1) 08 | 0.6 |<0.1|) 90 
50 “ “« + thy- |2.84+12.7) 9.1 2.3 2.9 1.6 103 
roxine 
50 cc. human blood + KI 2.8+ 12.3/ 10.0 | 2.3 1.3 0.4 93 
357.7 mg. thyroid 179.0 | 5.4 | 6.2 [161.0 97 
50 ce. beef blood + thyroid |2.8+ 26.0} 0.8 1.3 | 0.6 ° 
o¢ «4 28 | 0.9/ 1.2 | 0.5 |<0.1! 93 


* Not analyzed. 


blood iodine, as shown in Table II. 1 volume of blood was added 
to 4 volumes of purified acetone and the mixture shaken vigor- 
ously in a mechanical shaking machine for from 1 to 12 hours as 
shown in Table II. The mixture was then centrifuged and the 
precipitate again shaken with 4 volumes of 80 per cent acetone. 
Four extractions were made in each case. The results are in 
accord with those of Eufinger and Schulte (5); namely, that all 
of the iodine is acetone-soluble. The time required for complete 
extraction was found to vary with the amount of iodine and the 
volume of blood used. 12 hour extraction periods served to 
extract completely 18 micrograms of iodine from 600 cc. of beef 
blood, whereas 3 hour extraction periods removed only 45 per 
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cent of the iodine from a similar 600 cc. sample. With smaller 
amounts of blood containing only 2 micrograms of iodine, 1 hour 
extraction periods were adequate. 

Thyroxine and potassium iodide, when added to blood, were 
removed by acetone. In the 1 hour extraction periods used, only 
72 and 86 per cent respectively of the iodine of these samples was 
dissolved by the acetone, but there can be no doubt that each of 
the added materials was being dissolved and would eventually 
have been completely removed from the precipitate. 

The extracts obtained by this procedure were protein-free, as 
shown by the biuret test on a concentrated aqueous suspension of 


TaBLe II 
Extraction of Blood Iodine with Acetone 


. . . . . Time 
Material wed See | eee | See eS 

tion® 

micrograms am per cent a per cent) Are. 
Beef blood 2.7 2.7} 100 | <0.2 l 
ee 1.3+3.0 3.7 86 0.6 14 1 
“« « + thyroxine 1.3+3.0 3.1 72 1.1 26 l 
Human blood 2.4 2.4 100 | <0.2 l 
Beef blood 18.0 8.1 45 T 3 
- 18.0 17.2 96 t 12 


* Four extractions were performed in each case. 
t Not analyzed. 


the extracted material from which the acetone had been removed. 
This finding supports the view that the blood iodine is not in 
protein combination, but no differentiation can be made between 
simple organic iodine (thyroxine) and inorganic iodine. 
Ultrafiltration of Blood with and without Addition of Iodine Com- 
pounds—-Attempts were made to secure a protein-free preparation 
of the blood iodine by means of ultrafiltration. Theoretically, 
this procedure should give a simple aqueous solution of the blood 
salts and all simple organic compounds such as thyroxine and 
other amino acids, urea, sugar, etc. The membranes used were 
made from a 5 per cent solution of nitrocellulose (parlodion) in 
glacial acetic acid, deposited on the filter cone of a Giemsa filtra- 
tion apparatus. This concentration of nitrocellulose is adequate 
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for the retention of all protein material of plasma. Leaks in the 
membrane surfaces were avoided by the use of a double thickness 
of collodion on each tube, the second layer being deposited after 
the first had been hardened in water. Each membrane was 
washed with several hundred cc. of redistilled water until the 
acetic acid had been removed and a 50 cc. sample of the filtrate 
showed no trace of iodine. After being washed and found iodine- 
free, the membranes were dried as completely as possible by 
suction, and used immediately. 

Aqueous solutions of potassium iodide and thyroxine were ultra- 
filtered and the filtrate (after the first portions were discarded 
because of unavoidable dilution by water in the membrane) was 
found to contain the same concentration of iodine as that of the 
unfiltered material. Preliminary experiments with plasma and 
serum showed that no appreciable amount of the iodine present 
passed through the filter. The technique was then altered in 
such a way that a maximum amount of filtrate would be obtained 
from a given sample of plasma. 25 to 100 cc. of plasma were 
filtered until the non-filtrable residue had been reduced to one- 
fifth the original volume. Water was then added to the residue 
and the volume again reduced. The process was repeated a third 
time and the combined filtrates so obtained were analyzed as a 
whole. By this means 90 to 99 per cent of the filtrable iodine 
should be removed from the protein residue. The protein residues 
were also analyzed, as shown in Table III. The total iodine 
recovered ranged from 83 to 105 per cent, the low values pre- 
sumably being due to a loss of protein residue which was thick, 
tenacious, and difficult to remove from the membrane. 

As can be seen in Table III, the filtrates of blood plasma, serum, 
and laked cells showed no detectable iodine except in one instance 
in which 17 per cent of the total serum iodine appeared to be 
filtrable. Inorganic iodine was recovered quantitatively in the 
filtrate. Thyroxine and diiodotyrosine, although filtrable in sim- 
ple aqueous solution, were retained in the unfiltrable residue after 
addition of an aqueous solution of the compounds to serum or 
plasma. Thyroxine added to a solution of egg albumin was also 
rendered non-filtrable, indicating that the property is not specific 
for blood but probably represents a simple non-specific adsorption 
of thyroxine by protein. 
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Ultrafiltration of certain protein solutions can therefore be used 
to differentiate between inorganic iodine and the iodine of thy- 
roxine or diiodotyrosine. The results of this study of blood lead 


TABLE III 


Behavior of Blood Iodine, Potassium Iodide, Thyroxine, and 
Diiodotyrosine toward Ultrafiltration 


Non- 


Material used nae | ee | 
iodine 
micrograms micrograms 
per 100 ce. per 100 ec. 
HO HzO 
Aqueous KI 20 19 
- 20 21 
‘* thyroxine 90 94 
? C 74 74 
“ - 64 62 
“ ai 48 48 
Sheep serum + KI 8.0+105.0 100 
Beef plasma + KI 7.8+133.0 140 
" - + KIO; 8.0+ 50.0 44 
micrograms micrograms pn 
Beef plasma 3.0 <0.2 3.0 
- - 3.4 <0.2 3.0 
* = 4.1 <0.2 3.4 
- * 6.5 <0.2 6.2 
7 " 1.7 <0.1 1.6 
** serum 6.8 <0.2 ° 
se es 13.6 2.4 (17%) | 12.1 
“ plasma + 1 volume H,O 1.7 <0.1 1.6 
- 7 + 1 ” ” 2.1 <0.1 ° 
** cells + 1 volume H,O 4.0 <0.2 3.5 
** plasma + 1 volume thyroxine solution 3.8 + 46.5 <0.2 48.5 
3 ‘+ thyroxine 10+19.5 0.6 20.2 
“s «PR, . mg 2.3+ 17.0 <0.2 - 
Egg albumin + “ 2.9+ 9.6) <0.2 . 
Sheep serum + diiodotyrosine 3.6+ 44.0 0.4 47.2 
Beef plasma + 7 1.4+ 12.0 <0.2 13.2 


* Not analyzed. 

one to conclude that the inorganic iodine constituents do not 
exceed 20 per cent of the total iodine and are usually less than 10 
per cent or completely absent in so far as the present method 
permits their determination. 
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Since the completion of this work, Leipert (6) has published 
similar ultrafiltration experiments in which the filtrable iodine 
is said to constitute 60 to 90 per cent of the total. No analyses 
are given for the iodine content of the non-filtrable residue, this 
fraction being determined by difference only. The membranes 
used by Leipert were prepared from 6.5 to 7 per cent collodion in 
glacial acetic acid to which 2 per cent potassium carbonate had 
been added. The writer has prepared membranes of this type 
but has been unable to confirm Leipert’s results. Leipert’s 
method of iodine determination has been found by the writer (1) 
to be subject to variable positive errors which would partially 
account for the discrepancies between his results and those of the 
present study. Beef blood has been used in both studies. The 
results shown in Table III were obtained with blood from animals 
which had not received iodized salt. Four samples of blood from 
animals which had been fed iodized salt showed the filtrable 
iodine to range from 30 to 50 per cent of the total. It is possible 
that the blood used by Leipert may have been from animals on 
an iodine-rich diet which served to increase greatly the proportion 
of inorganic iodine present in the blood. 

Use of Zine Sulfate-Sodium Hydroxide and of Heat and Acetic 
Acid to Precipitate Blood with and without Addition of Iodine 
Compounds—Confirmatory evidence that the iodine of blood does 
not normally exist in inorganic form is shown in the following 
experiments. The proteins of whole blood were precipitated by 
two commonly used precipitating agents and the filtrates analyzed 
for iodine. Table IV shows the results obtained with the use 
of heat and acetic acid and Table V, those with zinc sulfate and 
sodium hydroxide. In neither case did the filtrate contain more 
than 10 per cent of the total iodine, and in both cases added iodide 
could be recovered in the filtrate and added thyroxine was retained 
to a large extent on the precipitate. Precipitation by heat and 
acetic acid was carried out according to the method of Benedict, 
Newton, and Behre (7), except that the treatment with colloidal 
iron was omitted; the zine sulfate-sodium hydroxide precipitation, 
by the method of Somogyi (8). All reagents were iodine-free. 

The results obtained by the use of aleohol and acetone extrac- 
tion of blood have shown that the blood iodine probably does not 
exist in protein combination. Ultrafiltration and the experiments 
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with heat-acetic acid or zinc sulfate-sodium hydroxide precipita- 
tion of blood give evidence that not more than 10 per cent of the 


blood iodine is in inorganic form. 


TaBLe IV 


Throughout the work, the 


Behavior of Blood Iodine Alone, and of Potassium lodide and Thyrozine 
Added to Blood, toward Precipitation of Proteins 
with Heat and Acetic Acid 


Beef blood 


‘e sé 
“ ‘ 
‘e se 
“e “e 
oe “ 
se “ce 
“ “e 
ce é 


Material used 


+ thyroxine 


+ “e 
+ KI 
ao “e 


Iodine represented by 


trate 


micrograms 


0.8 


— — ee 
01 SO 


—] 


bo 


em ee oe ie 
ow SO 


mor a 
++++4 


TABLE V 


lodine present in 
filtrate 


micrograms 
Trace 
<0.1 
Trace 
0.6? 
Trace 
) 


( 


o -» © 
ona as 


Behavior of Blood Iodine Alone, and of Potassium Iodide and Thyrozine 
When Added to Blood, toward Precipitation of Blood 


Proteins with ZnSO, and NaOH 


Material used 


Human blood 


a “ce 
oe “ 
ce “e 
ae “cc 
“ce “oe 
ce ai 
ce ai 
“ce “ 
“e “ce 


+ thyroxine 
+ “ec 

+ ie 

+ KI 

+ “e 

“é 


Iodine represented by 


filtrate 


micrograms 
2.2 
3.7 
3.4 
6.7 
0.3+1.8 
0.2+2.0 
0.4+ 5.7 
0.2+ 2.6 
0.3+2.4 
0.4+6.3 


Iodine present in 
filtrate 


micrograms 

<0.2 
<0.2 

Trace 
0.5 
<0.2 

Trace 
<0.2 
2.4 
2.6 
4.0 


blood iodine has behaved exactly as have added thyroxine and 


diiodotyrosine. 


The next problem is to show whether either or 


both of these iodine-containing amino acids may be present. 
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Analysis of Blood Extracts for Thyroxine by a Modified Leland 
and Foster Technique—Thyroxine can be determined chemically 
by the method of Leland and Foster (9) which is based upon the 
distribution of thyroxine between butyl alcohol and aqueous 
sodium hydroxide as contrasted with the solubility of other known 
iodine compounds in these solvents. This method was originally 
described for use with thyroid tissue, in which the ratio of thy- 
roxine to organic material is much greater than that found in 
blood and the thyroxine is in protein combination. In the original 


Taste VI 
Extraction of Blood Iodine with Butyl Alcohol 


lodine Total Distribution of total extracted iodine 
Materia] used pres- iodine 
ent extracted Buty! alcohol 2~ NaOH 
per per per per 


micro-micro-| per micro- centof cent micro-centof cent 
grams grams cent grams origi- | of ex- grams origi- of ex- 


nal tracted nal tracted 
Human blood 18.0 20.0 111 
Beef blood 19.5 14.5) 75 
‘« «+ thyroxine 1.0 10.2 98 
+9.4 
‘“* plasma + thyroxine) 3.8 8.6) 98 5.7 2.9 
+5.0 
<a ” 3.8 3.5) 92 1.2) 32 46«ikd CC 
© 71.0 31.8)| 45 19.2) 27 60 12.6 18 40 
as 40.0 27.7; 69 20.0|' 50 | 72 7.7 19 2 
* 35.0 27.4| 79 18.0 51 65 9.6 27 35 
= " 47.0 37.9; 81 27.3; 58 | 72 10.6 22 2 


method a long period of alkaline hydrolysis was employed to liber- 
ate the thyroxine from its combination in the protein molecule. 
During this treatment with alkali, approximately 20 per cent of 
added free thyroxine was found to be destroyed. Since the thy- 
roxine in blood, if present, could not be in protein combination, 
it was deemed advisable to remove the protein by some means 
other than hydrolysis and thus avoid the destruction by alkali. 
This has been done by using butyl alcohol to extract the original 
blood. Table VI shows the results of these experiments. 1 vol- 
ume of blood or plasma was added dropwise to 3 volumes of butyl 
alcohol and the mixture stirred gently, but constantly, for 15 
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minutes. Too vigorous mixing resulted in the formation of a 
thick emulsion which required as long as 24 hours for complete 
separation. This tendency toward emulsion formation was more 
marked with whole blood than with plasma, a finding which led 
to the exclusive use of plasma when large amounts were fequired. 
In cases where more than 100 cc. of plasma were extracted, the 
extraction was made on a series of 100 cc. portions, since this 
allowed for a more complete mixing of the plasma and butyl 
alcohol. After each extraction of a given sample, the mixture 
was centrifuged and the clear, yellow butyl alcohol removed from 
the aqueous phase and protein residue by decantation. 3 volumes 
of fresh butyl alcohol were added and the process repeated until 
all of the water (from the blood) had been removed and only a 


TaBieE VII 


Distribution of Thyroxine, Diiodotyrosine, and Potassium Iodide between 
Equal Volumes of Butyl Alcohol and 2 n Sodium Hydroxide 


Material wed | Totaliodine | ,,Jodinein | Tadingin | Volume ot 
micrograms micrograms micrograms ce. 
Thyroxine 8.4 7.9 0.3 100 
- [.eew 8.4 8.0 0.3 10 
Diiodotyrosine 8.0 0.4 7.5 10 
Sedans % 8.0 0.6 7.2 10 


finely granular residue remained. At this point the supernatant 
butyl alcohol was clear and colorless. From four to six extrac- 
tions were made in each case. 

Control experiments showed that all of the iodine of blood or 
plasma could be removed from small samples by this procedure 
and that added thyroxine could be recovered in the butyl! alcohol. 
This again confirms the conclusion that the blood iodine is non- 
protein in nature. The butyl alcohol extract so obtained was 
concentrated under reduced pressure on a steam bath to a volume 
of 25 cc. for each 100 cc. of plasma used, and the concentrated 
butyl alcohol shaken with 1 volume of 2 N aqueous sodium hy- 
droxide. Table VII shows the distribution of small amounts of 
pure thyroxine, diiodotyrosine, and potassium iodide between 
butyl alcohol and 2 N sodium hydroxide. The results are in agree- 
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ment with those reported by Leland and Foster (9) for larger 
amounts of material. 

The mixtures obtained after shaking butyl alcohol extracts of 
blood with aqueous sodium hydroxide were allowed to separate 
completely and the two phases analyzed separately. As shown 
in Table VI, the butyl alcohol phase after this separation contained 
from 27 to 58 per cent of the total plasma iodine. Thyroxine 
when added to plasma was recovered in the butyl alcohol phase. 
In the last four experiments shown in Table VI, large amounts of 
plasma were used (500 to 1500 cc.), and the original removal of 
iodine from the protein was not complete. It is interesting to 
note that as the percentage of the total iodine removed increased 
in the different experiments, the increase was largely in the 
thyroxine-like fraction; the non-thyroxine iodine remained rela- 
tively constant at 20 to 30 per cent of the total plasma iodine. 
Too much emphasis should not be placed upon this finding, since 
in one experiment, in which 3.8 micrograms of iodine were com- 
pletely removed from 50 cc. of plasma, 60 per cent was in a non- 
thyroxine form. It should be pointed out that this method, 
although added thyroxine can be recovered by it, may not be 
specific for this substance alone in the presence of iodine com- 
pounds other than diiodotyrosine and simple iodides. It is quite 
possible that the blood might contain some iodine compound other 
than thyroxine which has a high solubility in butyl alcohol as 
compared with its solubility in aqueous media. 

The separation of the iodine into butyl alcohol- and water- 
soluble fractions is an actual separation of at least two different 
forms, as shown by the fact that the iodine of the butyl alcohol 
phase remains in the butyl alcohol with repeated extractions with 
2 nN sodium hydroxide and does not follow a percentage distribu- 
tion of the order observed when the first separation was made. 
Were only a single compound present in the original extract, the 
aqueous sodium hydroxide would be expected to remove a con- 
stant percentage of the amount with each extraction. 

Because of the non-specific nature of the above evidence for 
the presence of thyroxine, attempts were made to use biological 
tests on material obtained by the butyl alcohol and the acetone 
methods of extraction. This material, purified in various ways, 
has been used in the attempt to stimulate metamorphosis of tad- 
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poles. The results to date have been uniformly inconclusive 
because of the toxicity of the extracts. Further attempts to use 
methods of biological assay are planned for future work. 


DISCUSSION 


The results of this study are at variance with many of those 
reported in the literature, both in regard to factual material and 
the interpretation placed thereon. Part of this discrepancy may 
be due to positive errors in some of the methods of iodine analysis 
which have been used. As shown by us (1), Leipert’s original 
method, in which arsenious oxide is used as the reducing agent, 
is subject to a variable positive error. We believe that all methods 
in which dry ashing is used to destroy organic material, alcohol 
extraction to remove the iodine from the ash, and final titration 
with sodium thiosulfate, are similarly subject to a positive error. 
This error results from the non-specificity of the Winkler titration 
in which any oxidizing agent capable of liberating iodine from 
potassium iodide or reacting with the thiosulfate will lead to 
erroneously high values. For example, in one of our experiments 
a portion of blood was extracted with ethyl alcohol until all of the 
original iodine had been removed and could be accounted for in 
the extract. The protein residue was analyzed by the Trevorrow 
and Fashena method and no iodine found. A second portion of 
the residue analyzed by the method of Turner (10) showed iodine 
to be present in an amount representing 4.0 micrograms per cent 
for the original blood. This type of error has therefore led to a 
general acceptance of the presence of “protein” iodine in the blood. 
Baumann and Metzger (11), in 1937, abandoned the dry ashing 
method previously published by them because of the variable 
positive errors involved. 

That the method used in the present study is not subject to 
this error has been demonstrated in another way. 73 cc. of 
human blood were digested according to our analytical procedure 
and the iodine distilled. An aliquot of the distillate, representing 
8.5 ec. of blood, was treated in the usual manner and iodine repre- 
senting 5 micrograms per cent was found. The remainder of the 
distillate was treated with sodium bisulfite to reduce all of the 
iodine to iodide, evaporated to 2 cc., acidified, evaporated to 1 ce. 
(excess SO, boiled off), treated with palladium chloride, and the 
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color produced compared with that of standard iodide solutions. 
Iodine representing 5 micrograms per cent was found. Since the 
colorimetric procedure does not depend in any way upon oxidation 
or reduction reactions, the agreement between the results obtained 
by the colorimetric and titrimetric methods speaks well for the 
specificity of both procedures. 

Besides the errors of analysis, we also believe that errors in 
interpretation have been made, especially with respect to the 
inorganic fraction of the blood iodine. Veil and Sturm (12), 
Lunde, Closs, and Pederson (3), and Eufinger and Schulte (5) 
have observed that a portion of the blood iodine can be extracted 
with solvents which remove inorganic iodides and have therefore 
concluded that this part of the blood iodine is inorganic in nature. 
These experiments have been inadequately controlled in that no 
consideration was given to the possible existence of simple organic 
iodine compounds. We have shown that the amino acids thy- 
roxine and diiodotyrosine when added to blood can be extracted 
with these solvents. 

By means of ultrafiltration and experiments with heat and 
acetic acid or zine sulfate and sodium hydroxide precipitation, 
we have been able to differentiate between inorganic and simple 
organic iodine. The results of these studies lead to the conclusion 
that the blood samples studied cannot contain more than 20 per 
cent of their iodine in inorganic form. 


SUMMARY 


1. The iodine in the blood of animals on an iodine-poor diet is 
not in protein combination. 

2. Not more than 20 per cent of this iodine is in inorganic form 

3. The greater part of the blood iodine possesses properties 
similar to those of thyroxine and diiodotyrosine, and a portion 
of this is not diiodotyrosine but is thyroxine-like in its solubility. 
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The adsorption of albumin by filter paper during the determina- 
tion of the albumin fraction of serum protein by the Howe method 
(1) has been discussed by Robinson, Price, and Hogden (2) 
They found that different filter papers adsorb correspondingly 
different amounts of albumin and so lower the concentration in 
the filtrate. They state, “The results prove that filter paper, in 
the presence of high salt concentration, does adsorb an appreciable 
amount of albumin and, therefore, the values for albumin are low, 
especially when small amounts of solution are filtered.” The 
study deals with many kinds of filter paper and with repeated 
filtration through the same paper to observe the varying loss in 
albumin. The specific adsorption of particular papers did not 
receive comment but a survey of their data shows that Whatman 
No. 50 and Schleicher and Schill No. 575 adsorbed less than the 
other papers; also that the loss due to adsorption could be elim- 
inated by discarding the initial portion of filtrate. 

In view of the above study, and of the routine use in this lab- 
oratory of the Howe method in albumin determination, 69 analyses 
were carried out in such a way that the loss of albumin could be 
appraised when one particular paper of good quality, Whatman 
No. 50, was used. The results corroborate the findings of Robin- 
son and his associates in showing a loss in albumin due to ad- 
sorption. This loss, however, was exceedingly small and could 
be demonstrated only by applying statistical methods to the 
grouped data. 


Method 


The micro-Kjeldahl method of nitrogen determination as used 
in protein analyses in this laboratory has been adequately de- 
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scribed by Weech, Snelling, and Goettsch (3). Non-protein 
nitrogen, total protein, and albumin fractions are determined on 
each sample. The albumin fraction is estimated as that portion 
of the total protein left after the globulin has been precipitated 
by addition of a 22.2 per cent sodium sulfate solution and is the 
fraction which will be considered at this time. 

2 cc. of dog serum were treated with 60 cc. of a 22.2 per cent 
solution of sodium sulfate at 37° as in the Howe micromethod and 
the mixture was well shaken. It was incubated at 37° overnight 
or for approximately 18 hours. The suggestions offered by 
Bruckman, D’Esopo, and Peters (4) for incubation and for main- 
tenance of glassware at incubation temperature were followed. 
After incubation the mixture was again well shaken to distribute 
the precipitate evenly. The first 15 ce. portion was filtered 
through one 7.0 cm. sheet of Whatman No. 50 filter paper in a 
38 mm., 60° angle glass funnel and collected. This is a smaller 
size of filter paper than that used by Robinson, Price, and Hogden, 
and does not hold the entire 15 cc. portion, but as it is the size 
used routinely in the laboratory, it was used in this study also. 
If the first 15 ee. portion was slightly cloudy, it was refiltered until 
clear; the remaining portion was then filtered through the same 
paper and collected separately. One analysis from the first 15 ee. 
portion and duplicate analyses from the remaining fraction were 
made by removal of 10 ec. aliquot portions, digestion, and distil- 
lation into N/70 HCl, with titration of the excess acid against 
n/70 NaOH. The same pipette was used to remove all aliquots. 
The transfers were accomplished as quickly as possible to prevent 
error due to evaporation and subsequent drying of the sodium 
sulfate mixture on the wall of the pipette. Digestion was ac- 
complished by the addition of 4 ec. of a mixture containing | part 
of 5 per cent copper sulfate, 9 parts of distilled water, and 10 
parts of nitrogen-free concentrated sulfuric acid to each flask. 

The standard error of measurement (SE£,,) for albumin analyses 
in this laboratory is +0.042 gm. per cent, as computed from 122 
duplicate determinations both by the equation SEy = 2 d?/2n 
and SEy = (Zd/2n) X 1.7725, when d is the difference between 
duplicate values and n is their number (5). This error is slightly 
greater than the value of +0.03 gm. per cent given by Robinson 
and his associates. However, in calculating the standard error 
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these authors appear to have averaged a number of standard 
deviations (¢), each of which was computed from two, three, or 
four replicate analyses. This method of averaging o rather than 
o? tends to result in underestimation of the true value of the 
standard error. It is probable that analytical accuracy was 
about the same in the two laboratories. 


Results 


In order to evaluate the findings in the present study, the differ- 
ence in the determined values for albumin concentration between 
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Fic. 1. Frequency polygon showing the distribution of the differences 
between determined values for albumin in initial and residual portions of 
filtrate. 


the initial and residual portions of filtrate was calculated for each 
of the 69 samples. A negative sign was affixed to the difference 
when the initial filtrate yielded the lower result. In Fig. 1 the 
differences are arranged in the form of a frequency polygon and it 
is seen that the first portion of filtrate gave values which were 
sometimes lower and sometimes higher than the later portion. 
The extreme cases in the distribution reveal a total range among 
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the differences from —0.28 gm. per cent to +0.13 gm. per cent. 
The average difference with its standard deviation is —0.05 
+ 0.0807 gm. per cent. The negative sign attached to this 
average figure is in accord with the belief that some albumin may 
be removed from the initial filtrate by adsorption. However, 
the magnitude of the average difference is surprisingly small and 
in view of the relatively wide scatter among individual differences 
it is reasonable to inquire whether or not there is any proof of 
adsorption by this filter paper. The proof is readily furnished 
by conventional statistical procedure. The ratio of the average 
difference to its probable error of +0.0065 gm. per cent is 7.7. 
This ratio is nearly twice as high as that required to prove that 
the average difference deviates from zero in the negative direction; 
that is, that the initial filtrate contains on the average less al- 
bumin than the later. 

Since the data published by Robinson and his associates in- 
dicate considerable differences in the amount of adsorbed al- 
bumin when different types of filter paper are employed, it is not 
unreasonable to expect that some variability in adsorption will 
remain even when a single type of paper is used consistently. 
Perfect uniformity of a paper in this respect is scarcely possible 
and some causes of variation may reside in the serum rather than 
in the paper. Such circumstances may account in part for the 
range of values recorded in Fig. 1. Nevertheless it is reasonable 
to think that all papers must adsorb at least traces of albumin and 
the finding in numerous instances of a positive rather than a 
negative difference between initial and residual filtrate requires 
special explanation. It can be shown that this overlapping into 
the positive zone can be accounted for by the error of chemical 
analysis. The standard error of measurement for a single de- 
termination has been stated to be +0.042 gm. per cent. As the 
average of two analyses from the residual filtrate and a single 
analysis from the initial filtrate were involved in determining the 
difference between the two results, the standard error of measure- 
ment of the difference is +0.051 gm. per cent. This is calculated 
from the formula, +/0.042? + 4(0.042)?, where 0.042? is the 
variance of a single determination and }(0.042)? is the variance of 
the average of two determinations. Since errors as great as 3 
times the standard error of measurement are apt to occur in a 
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series of measurements, identical portions of the same filtrate, 
compared in a similar manner as in this study, may on analysis 
differ from each other by +0.153 gm. per cent on the basis of 
chemical error alone. In this series the greatest positive differ- 
ence which was observed was +0.13 gm. per cent. As this value 
is not so high as the largest expected difference due to chemical 
error, it is evident that the positive values are included in the 
range of analytical deviation. There is no reason, therefore, to 
assume from this work that all filter papers do not adsorb at least 
traces of albumin. Moreover, many of the negative differences 
in Fig. 1 are much too large to be explained as errors of analysis, 
a circumstance which adds further support to the supposition that 
there is loss of albumin from the initial portion of filtrate. 

Robinson, Price, and Hogden have suggested that the error 
due to adsorption can be eliminated by discarding the initial 
filtrate and analyzing only the residual portion. Under some 
circumstances samples of 0.5 cc. of serum must be analyzed. In 
such cases, when the total filtrate contains but 15.5 cc., elimination 
of the initial portion becomes impracticable. Ina more recent paper 
Robinson and his associates (6) have suggested an alternate pro- 
cedure which can be used in such cases and which depends upon 
substituting centrifugation for filtration. The findings in the 
present study provide another simple way of handling such sam- 
ples. If the diameter and quality of the filter paper are the same 
as those employed in this study, the final analytical result can be 
corrected for loss due to adsorption by adding to it 0.05 gm. per 
cent of albumin. Since the adsorption losses with this type of 
paper are small, a constant correction applied to all samples will 
add very little to the total error which must continue to depend in 
large part upon other errors of analytical technique. 


SUMMARY 


69 samples of serum were analyzed for albumin by the Howe 
method in such a way that the loss of albumin due to adsorption 
by filter paper could be evaluated for one size and type of paper, 
namely Whatman No. 50 of 7 em. diameter. The average loss of 
albumin was 0.05 gm. per cent. This figure although small pos- 
sesses a high degree of statistical significance. It is shown that 
failure to obtain evidence of adsorption in individual analyses 
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can be explained on the basis of other errors of analytical tech- 
nique. When small samples of 0.5 cc. of serum must be analyzed, 
an approximate correction for loss due to adsorption is provided 
by adding 0.05 gm. per cent to the final analytical result. 
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PURIFICATION AND SOME PROPERTIES OF RENIN 
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(From the Lilly Laboratory for Clinical Research, Indianapolis 
City Hospital, Indianapolis) 


(Received for publication, December 19, 1938) 


Vasopressor extracts of renal cortex were first prepared by 
Tigerstedt and Bergman (1) in 1898 and the active substance in 
them named renin. Further purification was carried out by 
Bingel and Strauss (2) and recently by Hessel and coworkers 
(3-5). Others (6-11) have also proposed methods which yield 
crude but pharmacologically active extracts. 

In view of the renewed interest in this substance as the possible 
effector substance responsible for hypertension of renal ischemic 
origin (12-14) it seemed desirable to attempt purification of the 
relatively impure extracts which have been employed for study- 
ing the physiological properties of this pressor substance. 


Method of Preparation of Renin 


1 kilo of finely ground, fresh, pig kidney cortex is mixed with 
2000 cc. of ice-cold acetone and kept at 0° for 2 hours. The 
mixture is shaken occasionally. It is then filtered by suction; 
the solids are washed with ice-cold acetone, returned to the original 
flask, and treated again with 2000 cc. of ice-cold acetone. After 
2 hours at 0° the mixture is again filtered by suction. The 
insoluble portion is washed twice with ice-cold acetone, twice 
with ether, dried in air, placed in a vacuum desiccator overnight, 
and finally passed through a powder mill. 

200 gm. of the powder are shaken for 15 minutes in a shaking 
machine with 700 ce. of ice-cold 2 per cent NaCl solution. The 
residue is removed by centrifugation and the supernatant fluid 
filtered through Schleicher and Schiill’s filter paper No. 1117}. 
The residue is reextracted with 300 cc. of 2 per cent NaCl solu- 
tion and treated as before. The residue is discarded. 
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To the combined filtrates, 7.5 cc. of glacial acetic acid are 
added, which precipitates a large amount of inert protein and 
brings the pH to 4.5. This precipitate is removed by centrifuging 
and the filtrate adjusted to a concentration of 1 mM potassium 
phosphate by addition of 3 m potassium phosphate solution of 
pH 6.5.! It is then centrifuged and the supernatant fluid made 
up to a concentration of 2 M potassium phosphate. The precipi- 
tate (Fraction B) is collected on a Buchner funnel provided with 
a No. 42 Whatman filter paper, a small amount of diatomaceous 
earth (Hyflo super-cel) being added to insure a clear filtrate. 

This precipitate (Fraction B) is dissolved in 100 cc. of 0.9 
per cent NaCl solution and the precipitation with phosphate 
repeated as described. The precipitate (Fraction C) which is 
formed at 2 Mm concentration of phosphate is dissolved in 25 ce. 
of 0.9 per cent NaCl solution. This solution, which exhibits 
strong pressor properties, is deeply pigmented but is free from 
depressor substances. The nitrogen content is 3.7 mg. per cc. 

Further purification is accomplished by adding to Fraction C 
an equal volume of 10 per cent NaCl solution and glacial acetic 
acid to 5 per cent concentration. Practically all of the pigment 
and 90 per cent of the protein nitrogen are removed, leaving the 
pressor fraction in the filtrate. The filtrate is dialyzed in cel- 
lophane sacs against distilled water overnight and adjusted to 
pH 6.5 with 0.1 Nn NaOH which precipitates further inactive 
proteins. The resulting solution (Fraction D) is water-clear 
and has a nitrogen content of 0.4 mg. per cc. From Fraction D, 
reineckates and picrates can be prepared which are strongly 
pressor. Ammonium sulfate concentration of 40 per cent of 
saturation at pH 3 to 4 and sodium chloride at full saturation at 
the same pH will also precipitate active pressor substance. 

The procedures described above, except centrifuging, are 
carried out in the cold with ice-cold solvents. The whole process 
can be completed in 48 hours. 


1 This solution, which is made up of equimolecular amounts of monobasic 
and dibasic potassium phosphate, is prepared in 2 liter lots as follows: 
817 gm. of KH,PO, are weighed out in a beaker and 1 liter of water is added 
Then 750 cc. of 4 KOH are added and the solution warmed gently. When 
the phosphate is dissolved, the solution is transferred to a 2 liter volumetric 
flask, cooled to room temperature, and made up to volume. 
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pP operties of Renv 


Renin prepared hy this method is stable for at least 2 
when kept cold Heating at 50-55° for 15 minutes dor 
destroy its activity Above 56° the activity is destroved 
longed dialysis in cellophane membranes against distilled 


causes precipitation of much of the pressor material, wl 


active when redissolved in dilute sodium bicarbonate solut 


The accompanying pigment is also precipitated along wit! 


TABLE | 
Color Reactions Renis 
Re ( 
biuret Peptide linkage 
Ninhvdrin Free carboxvl and amino g up 
Millon Tyrosine 
Nanthoprotei Benzene nucleus 
Acree-Rosenheim rryptophane 
Khrlich’s benzaldehyde si 
Adamkiewicz 
Ehrlich’s diazo Histidine, tvrosine 
Sakaguchi Arginine (guanidine 
Reduced sulfur ( vstine, cvsteine 
Molisch Carbohvdrat« 
sial’s orcinol Pentose 
Dische’s indole 
Napthoresorcinol Glucuronates 
Phloroglucinol é‘ 
Diphenylamine Levulose. nitrates 
Folin’s phosphotungsti Adrenin 
sromocyvanogen Pyridine 


renin on dialysis. Renin does not pass through a 3. pet 


Pro 
water 


collodion ultrafilter membrane, whereas the pigment does lt 


is precipitated readily from. solution by Reinecke salt and by 


pieric acid, and these precipitates are highly pressor whe 
jected into animals 


Color reactions of Fraction D are shown in Table I 


interesting that the Sakaguchi test for arginine and guanidine 


groups and the Bial and Dische tests lor pentose are strong, 


the reaction for adrenine is negative The hydrolysate of 


while 


| rie 
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tion D forms precipitates with ammoniacal silver nitrate, fl 
acid, pierie acid, and Reinecke salt 

Fraction C has been used for pharmacological studies. Wher 
injected iIntrave nously into an unanesthetized dog, 0.025 ce per 
kilo will produce a rise in blood pressure Ol 50 mm. or more, as 


measured by a mercury manometer connected to an intraarterial 
cannula lt is also highly active when imyected into eats o1 
rabbits anesthetized with yy ntobarbital 6 ol 4 cc perfused into 


a dog over a period of an hour will cause a large increase in blood 


120 
80 


‘SH ‘WA 


’ 2 3 4 5 6 7 8 So 


Fia. 1 Arterial blood pressure of a cat we ighing 3.1 kilos, anesthetized 


with pentobarbital I represents | cc. of adrenine 1: 100.000 ? renir 
0.2 ce (| 1 dilution) , cocaine O61 v / idrenine | ren 0.2 e 

6, adrenine | ce y renin O.4 e 8 adrenine | ce ) renin OLS ce Presso 
response to renin before cocaine 10 mm. of Hg and after, 8 mm. of Hg for 


the same dose, 16 mm. of Hg for twice the dose, and 40 mm. of Hg for 4 


times the dose 


pressure without lowering the skin temperature (9 Fraction D 
produces a rise of 30 mm. in arterial pressure of dogs in quantities 
representing 0.04 mg. of nitrogen per kilo of body weight. The 


precipitate formed by saturating Fraction D with sodium chlorid 


at pH 4 causes a similar rise in blood pressure when injected in 
quantities representing 0.027 mg. of nitrogen per kilo of body 
weight In cats 0.009 me. of renin nitrogen produced a mse ol 
blood pressure ol 32 mm. ol He This is the most active renin 


which we have prepared 


To ascertain whether the Dressol mtion of renu prepared 
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this manner was potentiated by cocaine, as is adrenine, cats 
were anesthetized with pentobarbital and the arterial pressure 
recorded from the carotid artery after section of a vagus nerve 
Control injections of adrenine (1 cc. of 1:100,000 solution) and 
renin were given, followed by injection of cocaine (2 mg. per kilo 
of body weight). After demonstration of marked potentiation 
of the pressor action of adrenine, renin was again injected. No 
potentiation was observed (Fig. 1). 

Doses of ergotamine sufficient to depress markedly the pressor 
action of adrenine did not abolish the pressor effect of renin 
These results add no support to the view that the pressor action 
of renin is due to adrenine or adrenine-like substances. 

It is important to note that the response of cats to 2 and 4 
times the orginal dose is proportional to the dosage. For this 
reason cats make desirable animals for assay purposes. Assay 
of renin by this method will be discussed in detail in a forthcoming 
communication. 


DISCU SSION 


Renin is doubtless a protein, as Tigerstedt and Bergman (1) 
recognized. The fact that the purer the preparation the less 
active it is when perfused through a dog’s tail with Ringer’s 
solution and that it is activated by addition of serum or colloids 
from serum led Kohlstaedt, Helmer, and Page (15) to suggest 
that renin is an enzyme-like substance. It is a protein, inacti- 
vated by heat and, when relatively pure, activated by blood col- 
loids. 

Discussion has arisen as to whether the pressor quality of 
renin is due to the molecule as a whole or to some prosthetic 
group within it. Williams (16) found that the rise in blood 
pressure produced by partially purified extracts in white rats is 
enhanced by cocaine and antagonized by ergotamine. Since 
adrenine is similarly affected, he suggested that the prolonged 
rise of arterial pressure is due to gradual liberation of an adrenine- 
like substance. Hessel (5) and Friedman, Abramson, and Marx 
(17) found no especial potentiation of renin by cocaine in 
dogs. Nor did Hessel find that ergotamine prevented its action. 
We have repeated these observations on dogs and cats with our 
purified renin and find no potentiation with cocaine nor 
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reversal to depressor action after preliminary treatment with 
ergotoxin.? 

Against the view-point that the action of renin is due to slow 
liberation of adrenine is the observation of Landis, Montgomery, 
and Sparkman (9) that renin is the only substance among the 
usual pressor agents, such as adrenine, which produces a rise in 
blood pressure without lowering the skin temperature. 

Purified renin does not give the Folin color reaction for adre- 
nine. Neither the pharmacological nor chemical evidence 
supports the view that the pressor action of renin is due to gradual 
liberation of adrenine. Although the blood pressure rise is 
somewhat similar to that produced by tyramine, it has been shown 
by Williams, Harrison, and Mason (11) that the pressor response 
of renin is not abolished by cocaine, as is that of tyramine. 

An alternative explanation might be offered; namely, that the 
prolonged action is due to gradual activation of renim by the 
activator in blood (15). 


SUMMARY 


1. A method for purification of renin, a pressor substance 
from kidney cortex, has been described. The purest prepara- 
tions elevate arterial blood pressure 30 mm. of Hg in dogs when 
injected in amounts representing 0.027 mg. of nitrogen per kilo 
of body weight. In cats it was 3 times as active; namely, 0.009 
mg. of nitrogen-containing extract produced the same rise. 

2. Color tests for guanidine groups and for pentose are es- 
pecially strong in renin solutions; those for adrenine are negative. 
Crystalline precipitates are formed on addition of flavianic acid 
or picrie acid to hydrolysates of renin. 

3. The pressor action of renin in cats and dogs is not abolished 
by ergotamine nor potentiated by cocaine as is adrenine. 


? Dr. John Williams, Jr., in a letter kindly suggests that the differences 
in our results may be due to the fact that (1) different animals were used, 
(2) different methods for the preparation of renin were employed. His 
results may be due to the adrenine-like substance which he finds in the kid- 
neys and not torenin. Since he finds rats proportionately more sensitive 
to adrenine than cats and dogs, the adrenine-like substance may have over- 
shadowed the renin action. Apparently none of this adrenine-like sub- 
stance is present in our purified renin. 
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Cats anesthetized with pentobarbital are desirable preparations 


for assay purposes. 
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THE FATE OF TRICHLOROETHYLENE IN THE 
ORGANISM 


By H. M. BARRETT anv J. H. JOHNSTON 


(From the Department of Physiological Hygiene, University of 
Toronto, Toronto, Canada) 


(Received for publication, December 20, 1938) 


During the course of an investigation of the toxicity of trichloro- 
ethylene and carbon tetrachloride (1) it was observed that tri- 
chloroethylene underwent some change in the body. 

Briining and Schnetka (2) employed the Fujiwara (3) reaction 
to determine the distribution of trichloroethylene in the tissues 
of animals that had been exposed to the vapor. They also re- 
ported the presence of trichloroethylene in the urine of human sub- 
jects who had undergone trichloroethylene exposure. 

The Fujiwara reaction occurs on addition of pyridine and 
sodium hydroxide to dilute solutions of many halogenated hydro- 
carbons or their derivatives. In this laboratory the reaction 
was adapted for the determination of trichloroethylene vapor 
in air (4), the standard solutions being prepared in 20 per cent 
alcoholic solution. When the steam distillate of urine obtained 
from human subjects who had been exposed to trichloroethylene 
vapor was tested in 20 per cent alcohol, it was found that the 
color that developed in the urine distillate after prolonged heat- 
ing was a distinct lemon-yellow, whereas solutions of trichloro- 
ethylene turned definitely orange. That this change in color 
was not produced by a reaction between urine and trichloro- 
ethylene or by some interfering substance was shown by adding 
trichloroethylene to normal urine and keeping it in sealed tubes 
for periods as long as a week. The steam distillates from these 
samples gave a color, when tested by the Fujiwara reaction, that 
was identical with that given by the standard trichloroethylene 
solutions. 

Further evidence that the halogen-containing material present 

765 











766 ‘ate of Trichloroethylene 


in the urine following trichloroethylene exposure was not tri- 
chloroethylene was supplied by the following experiments. Tri- 
chloroethylene added to normal urine could be completely removed 
by passing air through the solution and the trichloroethylene could 
be absorbed from the air by absolute alcohol. Urine from ex- 
posed human subjects or animals showed no detectable decrease 
in halogen-containing material following the passage of air, and 
tests on the alcohol in the absorption tube were negative. Tri- 
chloroethylene added to normal urine could be completely re- 
moved by shaking with a small volume of ethyl ether when the 
urine was either acid or alkaline. On the other hand, the halogen- 
containing material present in urine obtained from exposed human 
beings or animals was practically insoluble in ether when the solu- 
tion was alkaline but would dissolve if the urine had first been 
acidified. These experiments showed that not only was trichloro- 
ethylene changed by the organism, but also that no appreciable 
quantity of unchanged trichloroethylene occurred in the urine. 

Since it was not feasible to obtain sufficient urine from exposed 
human subjects to attempt isolation of the material giving a posi- 
tive Fujiwara reaction, dogs were employed. The active material 
that was present in dog urine following exposure of the animals to 
trichloroethylene vapor was indistinguishable from that present 
in the urine from exposed human beings in so far as the tests that 
have been outlined could show. Three dogs weighing about 15 
kilos each were exposed to trichloroethylene vapor in a wooden 
box. The trichloroethylene was vaporized by passing compressed 
air through a flask containing the liquid. The dogs were com- 
pletely narcotized (this usually required from 20 to 30 minutes) 
and were then removed from the box and allowed to recover. 
The animals were exposed once or twice a day, Sunday excluded. 
The urine from all animals was tested prior to the first exposure 
and showed the absence of any material giving a positive Fujiwara 
test. After a few exposures, sufficiently high concentrations of 
the material were present in the urine to enable Fujiwara tests 
to be performed on urine diluted 1:100 with water. At this dilu- 
tion the color of the urine did not interfere appreciably with the 
tests. It was observed that the colors given in the Fujiwara test 
both by dilute urine and the steam distillate of urine were identical 
and furthermore were indistinguishable from the colors given by 
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solutions of chloroform. For this reason, aqueous solutions of 
chloroform containing 1, 2, 3, 4, and 5 X 10~* part of chloroform 
by volume were used as standards to estimate quantitatively the 
efficiency of various means of concentrating the halogen-containing 
material present in the dog urine. 

With Gettler and Siegel’s method (5), about 15 mg. of chloro- 
form were isolated from the steam distillate from 750 cc. of dog 
urine. The chloroform was purified by distillation in vacuo from 
concentrated sulfuric acid. It was identified by Weber (6) and 
Fujiwara color tests and by the following physical constants 


B.p. Mol. we. | Refractive! Density 


index 
°C. 
Material from steam distillate 59.5-61 121.1 1.4460 | 1.499 
Chloroform 61.2 119.4 1.4464 1.498 


The boiling point was determined by Emich’s (7) method. The 
molecular weight was obtained by the method of Niederl and 
Saschek (8). An Abbe Zeiss refractometer was used to determine 
the refractive index and the density determination was made by 
a microdensity method developed in this laboratory (9) for de- 
termining deuterium oxide concentrations. The pycnometer 
used in the density determinations had a capacity of approxi- 
mately 1l c.mm. It was weighed on a Kuhlmann balance. 

It was found next that chloroform did not occur in the urine as 
such but resulted from the decomposition of trichloroacetic acid. 
This material was isolated from the urine by repeated extractions 
with ether from acid solution and from ethereal solution with alkali. 
A small amount of charcoal was used to decolorize the last alkaline 
extract. Purification was effected by distillation under reduced 
pressure. About 0.5 gm. of crystals was obtained from 13 liters 
of urine. The melting range was 54-57°; the molecular weight 
determined by neutralizing with 0.01 Nn NaOH was 162. The 
piperazonium salt was prepared by the method described by 
Pollard, Adelson, and Bain (10). This melted sharply at 121.5°. 
No depression occurred when the sample was mixed with an equal 
quantity of the piperazonium salt prepared from a known sample 
of trichloroacetic acid. A small sample of the sodium salt of the 
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material was precipitated from alcohol by the addition of petro- 
leum ether. The composition of the two salts is shown in Table I. 

The intensity and color of the Fujiwara tests given by the two 
salts prepared from the isolated material were identical with those 
given by equal concentrations of similar salts prepared from tri- 
chloroacetic acid. 


TABLE I* 


Per Cent Composition of Piperazonium and Sodium Salts from Dog Urine 


Carbon Hydrogen Nitrogen Chlorine 
Piperazonium salt of material from 
dog urine 23.19 2.96 6.88 51.31 
Calculated for piperazonium di- 
trichloroacetate, CysHj.Cl.N.O, 23 . 26 2.91 6.79 51.53 
Sodium 
Sodium salt of material from dog 
urine 13.21 0.02 12.46 56. 24 
Calculated for sodium trichloro- 
acetate, C,Cl,;NaO, 12.95 0.00 12.40 57.38 


* We are indebted to Dr. G. F. Marrian and Miss D. Skill of the Depart- 
ment of Biochemistry for these analyses. 


DISCUSSION 

It has been shown that trichloroacetic acid can be isolated from 
the urine of dogs that have been exposed to the vapor of trichloro- 
ethylene. Steam distillation of this urine yields chloroform. It 
cannot, of course, definitely be said that trichloroacetic acid was 
not conjugated in some way or that it is not a decomposition prod- 
uct of some other material which in the process of isolation was 
broken up. In this connection the only other metabolic products 
resulting from the administration of chlorinated narcotic sub- 
stances that have been positively identified are urochloralic acid 
and urobutylchloralic acid which are excreted following the ad- 
ministration of chloral and butyl chloral. In isolating urochlo- 
ralic acid von Mering and Musculus (11) used methods somewhat 
similar to those employed in the present work. Urochloralic 
acid undergoes decomposition fairly easily on being boiled with 
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acid, yielding trichloroethanol and glucuronic acid. Therefore, 
if trichloroacetic acid results from decomposition of some other 
substance, that material must be extremely unstable. 

The conversion of trichloroethylene to trichloroacetic acid 
cannot be easily explained by any at present known chemical 
reaction. As will be seen from an examination of the formule of 
the two materials, such a conversion entails the transfer of a 
chlorine atom from one carbon atom to the adjoining one. 


O 
CCl,—=CHCI converted to CCl, cf 
OH 


Such a conversion might be brought about, however, by the addi- 
tion of HC! to trichloroethylene with the formation of unsym- 
metrical tetrachloroethane; oxidation of this substance might 
yield trichloroacetic acid. Another possible, although seemingly 
improbable, explanation is that trichloroethylene acts as a chlor- 
inating agent and produces trichloroacetic acid in this manner. 

Although trichloroacetic acid was not actually isolated from the 
urine of human subjects exposed to trichloroethylene, owing to 
the impossibility of obtaining a sufficient supply of urine, it is 
strongly indicated that the same conversion occurs in human 
beings as well as dogs. A discussion of the significance of the 
conversion of trichloroethylene to trichloroacetic acid, from the 
standpoint of a detoxification mechanism, along with data re- 
garding the fate of some other chlorinated hydrocarbons will be 
contained in another report. 


SUMMARY 


Trichloroacetic acid has been isolated from the urine of dogs 
that have been exposed to the vapor of trichloroethylene. The 
methods of isolation and identification of the material have been 
described. Experiments with urine from human subjects ex- 
posed to trichloroethylene vapor indicate that a similar conversion 
probably occurs in human beings as well as in dogs. 


Thanks are expressed to Dr. C. H. Best for his interest in this 


investigation. 
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THE ACTIVITY OF THE PHOSPHORYLATING ENZYME 
IN MUSCLE EXTRACT* 


By GERTY T. CORI, SIDNEY P. COLOWICK, anv CARL F. CORI 


(From the Department of Pharmacology, Washington University School of 
Medicine, St. Louis) 


(Received for publication, December 17, 1938) 


It has been shown that various mammalian tissues (muscle, 
heart, brain, liver) as well as yeast contain an enzyme which 
can be extracted with water and which forms glucose-l-phos- 
phoric acid (l-ester) from glycogen and inorganic phosphate 
(1). This enzyme, which will be referred to as phosphorylase, 
initiates the degradation of glycogen. The further fate of l-ester 
depends on the nature of the enzyme systems which are present. 
In muscle l-ester is converted to lactic acid, while in liver it is 
converted to glucose and inorganic phosphate (2). There is 
also the possibility that the phosphorylase initiates glycogen 
oxidation. 

It was found (3) that the activity of the phosphorylase de- 
pends on the presence of minute amounts of muscle adenylic 
acid or of adenosinediphosphate, which act as coenzymes in an 
as yet unexplained manner. The present report deals with a more 
detailed study of the activity of this enzyme and the effects on 
it of specific ions (Mg, Mn) and of other substances. 


EXPERIMENTAL 


The experiments were carried out with dialyzed' and in some 
cases with electrodialyzed extracts of rabbit muscle, prepared 


* This work was aided by a research grant from the Rockefeller Foun- 
dation. 

1 The effectiveness of the dialysis is shown by the following figures 
The inorganic P content of the extracts in Experiments 1 to 6 in Table I 
was 1.1, 1.5, 4.0, 4.5, 3.5, and 4.1 mg. per cent, respectively ; the acid-soluble 
organic P varied from 0.6 to 1.2 mg. per cent. In this and in previous 
work the collodion membranes were placed in water immediately after 
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as previously described (5). Besides phosphorylase, these 
extracts contained phosphoglucomutase (6) and isomerase (7) 
which by successive action convert the l-ester to the equili- 
brium mixture of glucose- and fructose-6-phosphate (6-ester). 
The degradation of glycogen in these muscle extracts did not 
progress beyond the formation of 6-ester. No inorganic P was 
split off from 6-ester during 3 hours of incubation at 37°. 

Phosphorylase activity was measured by the disappearance 
of inorganic P or by the isolation of the reaction products (1- 
and 6-esters) as the barium salts and their determination by a 
method previously outlined (1). As shown in a previous paper 
(3), good agreement is obtained between these two procedures. 
Glycogen was determined before and after incubation by heating 
aliquots of the reaction mixture for 30 minutes in 30 per cent 
NaOH and precipitating with 1.5 volumes of alcohol heated to 
the boiling point (Good et al. (8)). The glycogen was dissolved 
in water and reprecipitated with 2 volumes of alcohol before it was 
hydrolyzed in N HCl. After neutralization of the hydrolysate 
with NaOH, glucose was determined by the copper reduction 
method of Shaffer and Somogyi (1 gm. of KI reagent). Further 
experimental details are given in the Table I and Figs. 1 to 6. 

Comparison of Glycogen Disappearance and Hexosemonophos- 
phate Formation—Table I shows that after 10 to 30 minutes of 
incubation from 93 to 97 per cent of the glycogen which dis- 
appeared was accounted for by the formation of hexosemonophos- 
phate which consisted mainly of l-ester when no Mg** was 
added to the reaction mixture. After 60 to 90 minutes of in- 
cubation the percentage of glycogen accounted for was some- 
what lower and varied from 82 to 98 per cent. It seemed possible 
that a small amount of glycogen disappeared through diastatic 
action? and thus escaped phosphorylation. 


their preparation; they were not hardened by drying or by treatment with 
dilute alcohol. The extracts were dialyzed for 18 to 22 hours against run- 
ning tap water of about 10°. That an extended period of dialysis may be 
quite ineffective when less permeable membranes are used is shown by 
figures published by Augustin (4) for beef muscle extracts which contained 
40 mg. per cent of inorganic P after 23 hours of dialysis in cellophane tubes. 

* The first products of diastatic activity, the dextrins, can probably be 
phosphorylated by muscle extract, while the chief end-products of diastatic 
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In order to test the extracts for diastatic activity, inorganic 
P was omitted from the reaction mixture, or no adenylic acid 
was added as in Experiment 6, or the phosphorylase was in- 
hibited by addition of phlorhizin. Under these conditions a 
small amount of glycogen still disappeared. Since in Experiments 
1 to 6 the dialyzed extracts were not free of inorganic phos- 
phate (see foot-note 1) and since some ester formation was still 
detectable, the disappearance of glycogen without addition of 
phosphate could have been due only in part to diastatic activity. 
In the extensively electrodialyzed extract (Experiment 7) there 
was practically no disappearance of glycogen during 3 hours 
of incubation when no phosphate was added. This extract formed 
large amounts of hexosemonophosphate during 10 minutes of 
incubation with phosphate buffer, so that it may be concluded 
that the phosphorylase disrupts the glycogen molecule with- 
out the aid of diastase. In discussing phosphorylase activity, 
Parnas (10) has expressed a similar view. 

The rather close correspondence between glycogen disappear- 
ance and hexosemonophosphate formation leads to the conception 
that once a glycogen molecule is acted upon by the phosphorylase, 
it is completely broken down into uniform fragments consisting 
of l-ester. This makes clear the dissimilarity of action of phos- 
phorylase and diastase, since the latter enzyme causes a stepwise 
breakdown of the glycogen molecule. 

Influence of Substrate and of Enzyme Concentration—In the 
reaction catalyzed by the phosphorylase two substrates, glycogen 
and inorganic P, are present, the concentration of each of which 
influences the rate of enzyme activity. Electrodialyzed muscle 


activity, maltose and glucose, are not phosphorylated. Two dextrins 
designated as Dextrins D and F in Table II of a paper by Caldwell and 
Hixon (9) and for which average chain lengths of 74 and 26 glucose units 
respectively are given were kindly supplied to us for examination. Dex- 
trin D, according to our analysis, contained 39.5 per cent of alkali-resistant 
material, when heated for 30 minutes in 20 per cent KOH, followed by pre- 
cipitation from 50 per cent alcohol, Dextrin F only 3.9 percent. Dextrin D 
was phosphorylated more rapidly in muscle extract than Dextrin F, but 
both were phosphorylated more slowly than glycogen. With both dextrins 
more hexosemonophosphate was formed than corresponded to the alkali- 
stable part. 
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TABLE I 
Glycogen Disappearance and Hexosemonophosphale Formation 


The reaction mixture consisted of 2 parts of dialyzed rabbit muscle ex- 
tract and 1 part of additions; it contained m/9 phosphate buffer of pH 7.2, 
1 per cent glycogen, 1 mm adenylic acid, and 10 mm MgCl, except as noted. 
The mixture was incubated at 25°, except as noted. 

The values are given in mg. per 10 cc. of mixture. 


G lycc > 


Experi-| Period | “formed (as henoee) (660 dis- savor. 
ment of incu- appear- | unted Remarks 
No. bation : — a ance (a8) "5. 
1-Ester |6-Ester | Total | hexose) 
} min. | percent 
1 | 30 | 5.0} 1.1] 6.1] 6.3| 97 | No Mg added 
60 | 6.8 1.6; 8.4/10.3 | 82 ™ " “2 
2 | 30 11.5 1.0 | 12.5 | 13.4) 93 “5 1“ ™ 
60 | 11.1 3.4) 13.5 | 16.4 | 82 ” 
3 60 | 0.3; 9.9) 10.2/) 11.7) 87 
60 0.5; 1.0; 1.5] 2.8 10 mm phlorhizin 
60 | 3.2 No phosphate added 
4 60 0.9 | 16.5 | 17.4 | 20.6 84 
60 | 1.4)| 17.3 | 18.7 | 20.6; 91 0.02 m maltose 
60 | 2.6 10 m™ phlorhizin 
3.3 No phosphate added 
5 60 11.7} 7.2 | 18.9 | 19.2); 98 “ Mg added 
90 | 0.7 | 20.0 | 20.7 | 24.5) 84 
60 | 0.6/ 2.5; 3.1] 3.7 10 mm phlorhizin 
60 | | 4.1 | No phosphate added 
6 10* 37.7¢| 40.7| 93 | 
- « | 49.0f| 52.8 | 93 
| 10° 2.8t| 4.7 No adenylic acid added 
| 20° 2.8f| 7.8 3 = = . 
7t | 10° | | 34.2t 
20° | 54.5t 
60* | | 0.1 No phosphate added 
180* | | 0.7 ” ” = 


t Calculated from the disappearance of inorganic P. 
t Electrodialyzed extract. 


extracts were used which did not contain the adenylic acid de- 
aminase® described by Schmidt (11), a factor which is of import- 


* The preparation of muscle extracts free of deaminase by aging or by 
charcoal treatment has been described in a previous paper (3). During 
aging the deaminase is found in an active state in the protein precipitate 
which settles out and it is necessary therefore to centrifuge or filter the 
extracts before use. 
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ance in an enzyme reaction in which adenylic acid acts as co- 
enzyme, particularly in a study of the kinetics of the reaction. 

The effect of different phosphate concentrations, with all 
other conditions kept constant, is shown in Fig. 1. The lowest 
phosphate concentration in Fig. 1 was about twice that found 
in resting muscle. With m/9 phosphate the rate of activity 
was initially greater than with m/18 phosphate, but fell off 
more rapidly, so that after 1 hour of incubation the same amount 
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Fic. 1. Effect of phosphate concentration. An electrodialyzed and 
9 times diluted rabbit muscle extract was incubated at 37° with 1 per cent 
glycogen, 10 mm MgSQ,, 1 mm adenylic acid, and varying concentrations 
of phosphate buffer of pH 7.2, as marked on the curves. 

Fic. 2. Effect of enzyme concentration. The same extract that was 
used in Fig. 1 was incubated at 37° with 1 per cent glycogen, m/18 phos- 
phate, 10 mm MgSO,, and 1 mm adenylic acid. The enzyme concentra- 
tions, expressed in arbitrary units, were 1, 2.5, 5, 10, and 15 respectively, 
as marked on the curves. 


of phosphate was esterified with the two concentrations. After 
2 and 3 hours of incubation (not included in Fig. 1) the esteri- 
fication was less with m/9 and m/4.5 than with m/18 phosphate. 
The glycogen concentration was not a limiting factor, since 
practically the same curve was obtained with m/18 phosphate 
whether 1 or 2 per cent glycogen was used. It appears therefore 
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that m/18 phosphate and 1 per cent glycogen (i.e. equivalent 
amounts) were optimal for this particular enzyme concentration. 

With these substrate concentrations (m/18 phosphate and 1 
per cent glycogen) were tested one lower and three higher enzyme 
concentrations than the one used in Fig. 1, the total range of 
enzyme dilution being 15-fold. As shown in Fig. 2, there exists 
a fairly good proportionality between enzyme concentration and 
activity over this range; that is, the time to esterify a given 
amount of inorganic P is inversely proportional to the enzyme 
concentration. This relationship is shown in the following values 
for K (K = TE, where T is time in minutes and E enzyme con- 
centration, the latter being expressed in arbitrary units of 1, 2.5, 
5, 10, 15, respectively). 


K for different amounts of P esterified 


E 
0.3 mg. P 0.6 mg. P 0.8 mg. P 
l 60 
2.5 45 147 
5 50 151 285 
10 52 160 275 
15 52 158 | 275 


This proportionality holds even though there is a rapid falling 
off in the rate of enzyme activity with time, which makes it dif- 
ficult to measure initial rates. The reason for the falling off in 
rate has not been fully investigated. It was ascertained that an 
inactivation does not occur when muscle extracts are incubated 
for 1 hour at 37° with glycogen alone or phosphate alone before 
the other additions are made. There are several factors which 
influence the shape of the time curves. In extracts containing 
deaminase the rate of enzyme activity may fall off even more 
rapidly than in Fig. 2, owing to a diminishing and eventually 
suboptimal adenylic acid concentration. The same is true if no 
Mg?** is added, so that the inhibitory reaction product, the 1- 
ester, accumulates. The age of the extract has a marked effect 
on the shape of the time curves. These and other factors make 
it difficult to establish a unit of enzyme activity which will serve 
for different muscle extracts or for the same extract at different 
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times after its preparation. For a further study of its kinetics 
a purification of the enzyme seems necessary. 

Effect of pH and Temperature—A pH-activity curve is shown 
in Fig. 3. The pH of the reaction mixture was determined by 
means of a glass electrode. The plateau between pH 7 and 8 was 
verified in an experiment with a different enzyme concentration, 
marked by crosses in Fig. 3. At pH 5.8 and 9 the enzyme activity 
was about one-half of that at the pH optimum. The influence 
of pH on the activity of the enzyme has recently been studied 
by Bauer et al. (12). 
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Fic. 3. pH-activity curve of phosphorylase. A rabbit muscle extract 
dialyzed for 18 hours and diluted 1.5 times was incubated with 1 per cent 
glycogen, m/22 phosphate buffer, and 0.1 mm adenylic acid for 30 minutes 
at 27°. Part of the curve, marked by crosses, was repeated with a different 


enzyme concentration 


The phosphorylase has an abnormally low temperature coef- 
ficient. The values for Qi for a temperature range of 20-37° 
were 0.38, 0.29, and 0.26 for the 30, 60, and 120 minute incubation 
periods, respectively. The enzyme which converts the 1- to 
the 6-ester has a Qo between 2 and 3 and its activity is depressed 
much more on the acid side than is that of the phosphorylase. 
Consequently, a low temperature of incubation and an acid 
pH favor the accumulation of the 1-ester. 

1-Ester Inhibition and Effect of Magnesium Ions—The 1-ester 
has a much stronger inhibitory effect on the rate of phosphoryla- 


‘Kendal and Stickland (13) claim a Qio of 0 for this temperature range. 
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tion of glycogen than the 6-ester. This is shown in experiments 
in which these esters are added to the reaction mixture at the 
beginning of the incubation period. Owing to the presence of 
the conversion enzyme which is active even if no Mg** is added 
(6), the initial l-ester concentration cannot be maintained. In 
one such experiment an initial concentration of 7 mm of 1-ester 
caused an inhibition of 93, 65, and 59 per cent during 10, 20, and 
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Fic. 4. Effect of increasing amounts of Mg**t on phosphorylation of 
glycogen. An electrodialyzed muscle extract was incubated for 1 hour at 
22° with 0.6 per cent glycogen, m/30 phosphate buffer of pH 7.2, 0.8 mm 
adenylic acid, and varying concentrations of MgSO,. The 1- and 6-ester 
concentrations were determined separately, their sum representing total 


ester formation. 
Fia. 5. Effect of Mg** at acid pH. A dialyzed muscle extract was in- 


cubated at 24.5° with m/17 phosphate buffer of pH 6.5, 1 per cent glycogen, 
and 1 mm adenylic acid. To one set of reaction mixtures was added 8 mm 


MgS0O,, as indicated on the curves. 


40 minutes of incubation, respectively, while an initial concen- 
tration of 7 mm of 6-ester caused an inhibition of only 17, 15, 
and 11 per cent. Since the enzymatic conversion of the 1- 
to the 6-ester is accelerated by Mg** (6), the latter might be 
expected to have an effect on the rate of phosphorylation of 
glycogen by preventing the accumulation of the inhibitory 
l-ester. This was found to be the case, as shown in Figs. 4 to 6. 

In the experiment in Fig. 4 may be seen an inverse relation- 
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ship between rate of phosphorylation (curve for total esters) 
and l-ester concentration. In the experiment in Fig. 5 use 
is made of the fact that at pH 6.5 the activity of the conversion 
enzyme is more strongly inhibited than that of the phosphorylat- 
ing enzyme. Without addition of Mg** the l-ester concentra- 
tion reached 5 mm after 20 minutes of incubation and remained at 
this level for some time; the phosphorylation of glycogen (curve 
for total esters) practically stopped between 20 and 40 minutes 
and was only resumed at the end of the incubation period, when 
a slight decrease in the l-ester concentration had occurred. 
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Fic. 6. Effect of Mg** at various phosphate concentrations. A dialyzed 
muscle extract was incubated for 20 minutes at 37° with 0.6 per cent gly- 
cogen, 0.3 mm adenylic acid, and varying concentrations of phosphate 
buffer of pH 7.2. To one set of reaction mixtures was added 10 mu MgSO,, 
as marked on the curve. 


With addition of Mg++ the 1l-ester concentration did not reach 
the same level and decreased more rapidly than without Mg** 
and the rate of phosphorylation was correspondingly greater. 
This experiment shows that there exists a critical l-ester con- 
centration, in this case 5 mM, at which the activity of the phos- 
phorylase is completely inhibited. As this critical concentra- 
tion is approached, even slight changes in the l-ester concentration 
have a marked effect on the rate of phosphorylation. 

In the experiment in Fig. 6 the initial phosphate concentra- 
tion of the reaction mixture varied from 7 mm (which corre- 
sponds to that found in resting muscle) to 50 mm (which is nearly 
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optimal); the effect of Mg** was greater at the high than at 
the low phosphate concentration. The accelerating effect of 
Mg** on the phosphorylation of glycogen is attributed to the 
elimination of l-ester inhibition. A direct effect of these ions 
on the phosphorylase seems unlikely. 

The optimal concentration of Mg** for the conversion en- 
zyme is 5 ma, that of Mn** and Cot*+ 0.5mm. These ions may 
increase the activity of the conversion enzyme 10 to 15 times (6). 
The effect of these ions, in the above concentrations, on the phos- 
phorylation of glycogen in an electrodialyzed extract (expressed in 
mg. of inorganic P which disappeared in 1 hour at 37° per 10 
cc. of reaction mixture) was as follows: no ions added 5.6, Mg** 
10.3, Mg++ + Mn** 9.2, Mn*+* 9.1, Cot* 9.0. As in the case 
of Mg**, the effect of Mn**+ and Co** on phosphorylation of 
glycogen is probably an indirect one and is due to greater activity 
of the enzyme which converts the 1- to the 6-ester. 

Glucose in 17 mm concentration inhibited phosphorylation 
in muscle extract about 50 per cent, while fructose and maltose 
were without effect. Lehmann (14), who first described the 
inhibitory action of glucose, discussed its possible physiological 
significance. However, the glucose concentration of skeletal 
muscle in the intact animal does not reach very high values. 
The distribution of glucose between blood and muscle has been 
investigated on a previous occasion (15). At a glucose level 
in the plasma of 300 mg. per cent (17 mm), the glucose concen- 
tration in muscle was only 50 mg. per cent, at which concentra- 
tion glucose has no inhibitory effect on phosphorylation. 

Effect of Phlorhizin and Other Substances—Lundsgaard (16) 
discovered that phlorhizin has an inhibitory effect on lactic 
acid formation in muscle brei and found that it was due to an 
inhibition of phosphorylation. Ostern et al. (17) showed that 
phlorhizin prevents the formation of 6-ester in muscle extracts 
incubated with glycogen and inorganic P. The experiments in 
Table I indicate that phlorhizin inhibits the first step in the 
breakdown of glycogen, the formation of l-ester. A concen- 
tration of phlorhizin close to 0.01 m is necessary for strong (85 
per cent or more) inhibition of phosphorylase activity. This 
is a concentration far above that reached in the tissues of an 
intact animal injected with the usual dose of phlorhizin. 
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The phloretin part of the phlorhizin molecule, when added 
to muscle extract in 0.01 m concentration, was about as active 
as phlorhizin, while phloroglucinol had very little inhibitory 
action. Epinephrine, which accelerates very markedly the 
formation of 6-ester in intact muscle (18), has no effect on phos- 
phorylation in muscle extract (in a concentration of 1:15,000) 
and does not overcome the phlorhizin inhibition in muscle ex- 
tract. Of other substances tested, 0.01 m cyanide, fluoride, and 
iodoacetate, 0.02 m glyceraldehyde, 0.03 m glutathione, and 
insulin (10 mg. per cent) had no effect on phosphorylation in 
muscle extract. 


SUMMARY 


1. Dialyzed rabbit muscle extracts were incubated with gly- 
cogen, inorganic phosphate, MgCl,, and adenylic acid. After 
10 to 30 minutes of incubation from 93 to 97 per cent of the 
glycogen which disappeared was accounted for by the formation 
of hexosemonophosphate, after longer periods of incubation from 
82 to 98 per cent. This close correspondence indicates that the 
phosphorylase causes a disruption of the entire glycogen molecule 
into uniform fragments consisting of glucose-l-phosphate. When 
inorganic P was omitted from the reaction mixture, a small 
amount of glycogen still disappeared. This could not be attri- 
buted with certainty to diastatic activity, because the traces 
of inorganic P which were not removed by simple dialysis of 
the extracts sufficed for some ester formation. In an electro- 
dialyzed and very actively phosphorylating extract no glycogen 
disappeared when inorganic P was omitted. The phosphorylase 
therefore disrupts the glycogen molecule without the aid of a 
diastase. 

2. The activity of the enzyme was tested over a 15-fold range 
of dilutions with 1 per cent glycogen and mM/18 phosphate. There 
was a rapid falling off in the rate of enzyme activity with time 
at all enzyme concentrations. The time to esterify a given 
amount of inorganic P was inversely proportional to the enzyme 
concentration. Some conditions under which such a _ propor- 
tionality did not hold are described. 

3. A pH-activity curve showed a broad maximum between pH 
7 and 8 with about one-half the activity at pH 5.8 and 9. The 
temperature coefficient of the enzyme was abnormally low; 
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between 20° and 37° the Qi. was always below 0.5, often as low 
as 0.25. 

4. Glucose-l-phosphoric acid, the first product of glycogen 
degradation, was found to have a strong inhibitory effect, and 
its enzymatic conversion product, glucose-6-phosphoric acid, a 
weak inhibitory effect on the phosphorylase. Glucose was also 
inhibitory, but fructose and maltose were not. Mg*+t, Mn**, 
and Cot++, when added to a dialyzed extract, increased the ac- 
tivity of the phosphorylase. Since these ions accelerate the 
enzymatic conversion of the 1- to the 6-ester, their effect on 
phosphorylation is attributed to a removal of 1-ester inhibition. 

5. Phlorhizin and phloretin in 0.01 m concentration almost 
completely suppressed the breakdown of glycogen and the forma- 
tion of l-ester, while phloroglucinol had little inhibitory action. 
Cyanide, fluoride, iodoacetate, glyceraldehyde, epinephrine, in- 
sulin, and glutathione, in the concentrations tested, were without 
effect on the phosphorylase. 
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Extracts, cell-free, amino nitro- 
gen disappearance (AGREN, 


HAMMARSTEN, and _  Ros- 
DAHL) 541 
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Protein(s): Cerebrospinal fluid, 
determination, colorimetric 
(Looney and WaLtsH) 117 


Metabolism (ScHOENHEIMER 
and RITTENBERG) 285 
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Pyridine: Phyllochromogen 
(Ross) 163 


| Pyruvic acid: Metabolism, tis- 
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tion (TruUHLAR, DREKTER, 
McGuire, and Fatx) 345 
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Salts: Liver tissue suspension 
respiration, effect (ELLIoTT 
and Ev.iorr) 457 

Scallop: Muscle, octopine pre- 
cursor (Irvin and WILSON) 
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Silver iodate: Purity tests 
(SENDROY) 483 
Sorbitol: Metabolism (Topp, 
Myers, and West) 275 
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(LEvVENE and Kuna) 49 
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tractives (Irvin and WIL- 
SON) 565 
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micro- (Topp, VREELAND, 
Myers, and West) 269 

Sulfhydryl groups: Oxidation, 


tissues, titanium effect 
(BERNHEIM and BERNHEIM) 

695 

Sulfur: Metabolism (JEN and 
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(VIRTUE and DosTER- 
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515 
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HEIDELBERGER) 221 
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Tyrosine: Metabolism (ScHoEN- 
HEIMER, RATNER, and Rirt- 
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BIN, and MILLER) 609 
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Valine: Dietary, indispensability 
(Rose and Eppstein) 677 
Vanadium: Phospholipid oxida- 
tion, tissues, action (BERN- 
HEIM and BERNHEIM) 353 
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catalytic effect (HoLMEs and 
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Analysis of Serum 
for Inorganic Sulphate 


REAGENT—Benzidine 

METHOD— Volumetric 

REFERENCE—Power and Wakefield, J. Biol. Chem., 123, 
665 (1938) 


IN THIS IMPROVED METHOD the sulphate precipitate is essentially 
free from contamination, Alkalimetric titration of the precipitate is 
rapid and simple. Results agree with gravimetric determinations. 

The purity of Eastman Renzidine, No. 33, recommends it for use 
in such exacting analyses. Full details of the above method will be 
forwarded upon request. . . . Eastman Kodak Company, Chemical 
Sales Division, Rochester, N. Y. 
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